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""To know the Way, 
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You willfind the Way, 
And the Way willfollow you. " 
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ABSTRACT 
Force platforms that measure the ground reaction force during locomotion have been 
widely used in gait analysis. The measurements can be time consuming because of 
difficulties such as: obtaining repeatable constant speed trials, getting the subjects to 
place their feet squarely on one or more force plates, and collecting data for more 
than one successive stride. Gait data information can also be obtained from subjects 
walking/running on a motorised treadmill. The advantages of collecting this data 
from a treadmill are the capacity to ensure a constant comfortable gait speed and the 
ability to collect data continuously. Previous force-measuring treadmill devices have 
been shown to reduce substantially data-collection time for locomotion experiments, 
to allow for feedback to subjects and/or patients and to enable experiments to be 
conducted that are not otherwise possible, e. g. real-time gait symmetry evaluation in 
non-amputee and amputee subjects and mechanics of running under simulated low 
gravity. However these treadmills do not provide three-dimensional (31)) force data. 
The purpose of this work was to investigate amputee running and thus identify 
prosthetic limb/wearer characteristics, which may enhance the running experience. 
The objectives were to develop a force-measuring treadmill for perfonning such 
tasks and seek to demonstrate its effectiveness in the measurement of various 
running events, leading to a more comprehensive study at a later date. 
A novel 3D ground reaction force-measuring treadmill and associated 
hardware/computer software, capable of capturing, processing and displaying 
information related to gait data in a format suitable for left and right limbs 
comparison has been developed. The treadmill bed was designed using finite element 
analysis techniques. Applied loads are measured using four biaxial strain gauge 
transducers designed and fabricated in-house. The instrumented-treadmill has been 
statically and dynamically tested and calibrated. A pilot study, using the vertical 
ground reaction force component only, was carried out to evaluate the developed 
system for assessing and providing gait information to non-amputee and amputee 
subjects. The outcome was encouraging, showing that the system is suitable for 
measuring adult treadmill running gait. Some of the key areas of further work are the 
implementation of algorithms for resolving shear force data and the development of a 
treadmill running database, including amputee and non-amputee subjects. 
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1. INTRODUCTION 
1. INTRODUCTION 
The number of amputees increases every year. As a consequence of this and the 
availability of new materials, extensive advances in the development of prosthetic 
feet have been made. The desire of amputees to participate in sports, and the high 
demands of athletics, has resulted in the development of prosthetic feet with more 
dynamic action than the conventional prosthetic foot (SACH - solid ankle cushion 
heel) which for years has been the industry standard [Davies et aL, 1970; Goh et aL, 
1984; Prince et aL, 1993]. 
More and more amputees are regularly taking part in strenuous recreational or 
competitive sports, in which running is often an important activity, as it is one of the 
fundamental motor patterns required in many games and sports. Participation in 
leisure activities improves cardiopulmonary fitness, weight control, sociability, stress 
management, enhancement of self-esteem and leads to a full and satisfying lifestyle. 
This rapidly growing interest in the need for sports oriented prosthetics was 
demonstrated by studies of the recreational activities of lower extremity amputees 
[Pandian and Kowalske, 1999; Dingwell et aL, 1994; Enoka et aL, 1982; Kegel et aL, 
1980]. Running was indicated as the most difficult activity to achieve and which 
causes the most discomfort. The study by Kegel et aL [1980] showed that the 
amputees indicated a need for improved prosthetic design, and believed that 
insufficient information, both verbal and written were given to them. However, the 
combination of skills, concepts, and techniques of the amputation surgeon, 
prosthetist, and therapist/trainer may lead to a unique situation, in which for the first 
time, amputees are able to successfully compete in sports because of their prostheses, 
rather than in spite of them [Michael et aL, 1990]. 
Consequently, there is a need to provide amputees with a prosthesis that will: (a) 
facilitate amputee running; (b) provide a natural, balanced, prosthetic-to-natural leg 
stride; (c) enable an amputee to participate more actively and naturally in sports 
involving rapid lower limb motion. 
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Some research has been undertaken to facilitate or encourage amputee participation 
in such extra-ambulatory activities. However, there continues to be a need to 
investigate the combination of particular prostheses and the average amputee who 
wants to be physically active [Ward and Meyers, 1995]. Additional reasons for 
progressing with this investigation are: 
Because concerns have been raised about the capability of different prosthetic 
feet to provide adequate support and function for running activities [Allard et 
aL, 1995; Brouwer et aL, 1989], due in part to the inability of the foot 
prosthesis to comply with kinetic demands and produce a powerful 
plantarflexion moment (i. e. effective simulation of the ankle-foot complex). 
Because it has been suggested that the impact loading is an important factor 
in prosthetic design to avoid the premature degeneration of the residual limb 
and shortened life for the prosthesis [Cavanagh, 1990; Czerniecki et aL, 1991, 
1996; Nigg, 1986]. 
Developments in lower limb prosthetics places emphasis in the area of socket design, 
limb-socket relations and distal components. The progress in these areas focuses on 
biomechanical interest to the distal. portions of the prosthesis and to ambulatory 
performance with the existing ankle-foot devices. Consequently, there has been a 
proliferation of designs attempting to meet various requirements, which vary because 
of differing physical characteristics and activity objectives of patients. 
While substantial progress has been made in the design of ankle-foot devices, 
sometimes indications and contra-indications for their use have not been clear. This 
may leave the clinical team members without a sound base or reason for a choice, 
making it difficult for them to select the optimal prosthetic foot for a given client. 
Also, a number of new devices tend to be expensive and often require special 
expertise for proper alignment. 
According to the literature, the appropriate variables to be measured in order to 
identify prosthetic limb performance for amputee running are yet to be defined. For 
the purpose of the present research the following characteristics were to be 
investigated: 
2 
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(1) Meeting the criteria for running, i. e. having periods of single support and 
complete non-support (flight phase) [Cavanagh, 1990; Miller et aL, 198 1; 
Vaughan, 1984] 1; 
(2) Assessing the interlimb asymmetry, i. e. calculating the symmetry indices 
[Allard et aL, 1995; Cavanagh, 1990; Dingwell et aL, 1994] 1; 
(3) Assessing the impact load, i. e. measuring ground reaction force impact 
peaks [Cole et al., 1996; Miller et al., 198 1; Nigg et al., 1995; Schneider 
et al., 199311; 
(4) Assessing the stride time and stride length 1 
The main task of the lower extremities during gait is to keep the body upright, and to 
displace it in an orderly and stable manner. Since the gait patterns of the right and 
left limbs were assumed to be symmetrical, numerous kinetic able-bodied gait 
studies have relied on unilateral data [Eng and Winter, 1995; Vaughan et aL 1992]. 
There have been a number of bilateral gait studies but these are often limited to the 
assessment of a single limb at a time [Loizeau et al., 1995]. Research by Ounpuu. et 
al. [ 1994] obtained bilateral simultaneous data on 31 children and reported combined 
right and left limb values. Prince et aL [ 1993] presented temporal and kinematic data 
obtained from six disabled and five non-disabled subjects. They reported power and 
moment generation differences up to 60% between the two groups, even though both 
limbs had the same walking speed. 
Anthropometric factors, dominance and orthopaedic disorders may interfere with gait 
symmetry. Symmetry should be examined in relation to the subject's own variability 
and could be predicted by the dominance. In the literature, gait symmetry has been 
investigated in terms of spatio-temporal parameters, kinematics, kinetics and 
electromyographic (EMG) activity. The presence of gait asymmetry is definitely 
confirmed, though some subjects may exhibit less than others. 
Gait asymmetry has been reported during walking in unilateral amputees [Dingwell 
and Davis, 1996; Dingwell et aL, 1994(a), 1994(b)]. It appears to be linked with an 
overloading of the musculoskeletal. system leading to degenerative changes in the 
lumbar spine and joints. For running activities the interlimb asymmetry is expected 
' Justification for this choice of parameters is given in Section 2.2. 
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to be larger mainly because of the increase in joints movements demanding powerful 
moments from the prosthesis. 
Ground reaction forces are transmitted through the ankle-foot assembly to the 
prosthesis, the residual limb, and to the rest of the body. How and where these forces 
act are often conditioned by the characteristics of the ankle-foot assembly, which 
affects the ambulatory function and comfort of the patient. 
Studies of human locomotion, that involve measurement of force deal almost 
exclusively with the recording of ground reaction forces. Force platforms have been 
used in the majority of all locomotor studies. To facilitate comparisons between 
individuals with different body mass, body weight units (BW) are used for 
normalisation purposes. During locomotion, ground reaction force (GRF) peaks have 
been shown to vary between I and 513W, with contact times from 100ms to more 
than Is. The resultant force pattern in walking is characterised by two peaks, similar 
in shape and magnitude (0.9 - 1.5BW), that are separated by a trough. The running 
pattern is characterised by an initial high-frequency force peak (1.5 - 2.513W) that is 
followed by a second larger (2.0 - 3.013W) but lower-frequency force peak [Miller, 
1983]. For fast running or sprinting, the Týrý5j vertical GRF peak can be larger than 
the second one (513W vs. 3BW). 
In field or in laboratory conditions, conventional force platforms are limited in the 
number of successive ground contacts they can measure and necessitates a carefully 
controlled, time-consuming procedure to obtain desired gait speeds. If the researcher 
wishes to measure more than two or three successive foot strikes or measure forces 
during changes of speed, such as during the walk-run transition, such methods prove 
inadequate or very expensive. 
Treadmills are in common use for training and testing purposes and could become a 
tool for measuring ground reaction forces over multiple cycles while providing 
control of locomotion speed. In addition they would simplify the recording of 
metabolic, EMG and kinematic data. Such system could collect and analyse 10 to 15 
consecutive strides of gait in as little as two minutes. Using conventional methods, 
4 
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the collection of this data (for non-consecutive strides) could easily take over an 
hour. A treadmill would be an especially effective aid in a clinical context where 
patients and clinicians could work together in order to improve prosthesis set-up, 
alignment and gait training processes. 
The main objectives of this research %, eye therefore to develop and validate the system 
to perform the evaluation of prosthetic limbs during amputee running; including: 
mechanical and structural analyses (FEA); transducer design, fabrication and testing; 
static and dynamic tests; software development for data acquisition and analysis. 
The following chapter presents a literature review of lower limb amputee studies and 
provides a brief description of measuring techniques applied for the analysis of 
walking and running. 
The equipment development for this study is presented in chapter 3. This begins with 
a derivation of the specification for the system, followed by conceptual and detailed 
design. The detail design focuses on the main components (load cells and force 
platform), describing the theoretical and experimental analyses undertaken to 
evaluate and optimise their design, as well as their fabrication, installation and 
primary testing. 
Chapter 4 describes the calibration and validation tests. Chapter 5 presents the 
function and design of the software that was written to capture, process, analyse and 
present the gait data in a format considered suitable for evaluation of running 
measurements. 
Experimental data from non-amputee and amputee subjects are analysed and 
discussed in chapter 6. Finally, chapter 7 draws conclusions from the current work 
and makes suggestions for further work. 
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In this chapter an overview on lower limb amputation, the process of fitting and 
alignment of prosthesLs, and the functioning restoration for the amputee is first given. 
This is followed by a more detailed description of different prosthetic foot designs 
and the prosthetic limb itself, along with some of the adaptations used by amputees 
to successfully ambulate with the prosthesis. Some background to gait and running 
analyses for normal and lower limb amputee subjects is then provided, followed by 
the experimental requirements and parameters measured, regarding the present work 
and their justification. Finally, a detailed description and discussion on the GRF 
measurement techniques employed on previous running analysis work are given. 
2.1. LOWER LIMB AMPUTEE 
In the process of locomotion the erect, moving body is supported by first one leg and 
then the other. As the moving body passes over the supporting leg, the other leg 
swings forward in preparation for its next support phase. The lower limb is 
responsible for body support and balance; it is strong and functions to provide 
mobility in the movements constituting the gait cycle, essentially stance and swing 
phases. As the body moves over the weight-bearing limb, three basic events of the 
stance phase take place: heel-strike, mid-stance and toe-off At mid-stance, an 
imaginary line, which indicates the body weight transmission and known as the TKA 
(trochanter-knee-ankle) line, passes through the centre of the ankle, just in front of 
the centre of rotation of the knee, and through the centre of the great trochanter 
(behind the hip). At heel-strike the ground reaction is at the posterior end of the foot 
and behind the ankle axis. At toe-off, a reverse action occurs, when the forefoot acts 
in front of the ankle joint [Esquenazi and Keenan, 1993; Perry, 1992; Vitali et al., 
1978]. 
The locomotor system is a completely integrated system, with the trunk and limbs 
contributing to the smooth functioning of the whole body. Amputation results in not 
only the physical loss of the amputated part but also a removal of its particular 
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contribution to the entire mechanism. Therefore, it becomes necessary to compensate 
for the functional loss by alterations in the behaviour of the remaining parts of the 
system. 
Amputations are usually performed through the mid-portions of the Ii rn b 
and infrequently through joints [Brouwer et al., 1989; Czerniecki et al., 
1996; DiAngelo et al., 1989; Vitali et al., 1978] (see Figure 2.1). Many muscles 
extend over two or more joints and influence to a varying degree the movement of 
both the proximal and distal joints. It should be noted that the excursion of a muscle 
as well as its speed of contraction is related to the total length of the muscle. 
Amputation through the mid-portion of the thigh or shank, therefore, may affect the 
residual functions of the stump in several ways. The length of the bony stump is 
important in providing an adequate lever arm for the transmission of forces between 
stump and socket. The sectioning of muscles alters their ability to move the proximal 
articulations, particularly if they have been permitted to shorten. [Radcliffe, 1994; 
Vitali et al. , 1978]. 
Hip disarticulation 
F 
1 
kbove-knee (transfemoral) 
mputation 
I 
<nee disarticulation 
Below-knee (transtibial) 
amputation 
Ankle disarticulation 
(Syme's amputation) 
Figure 2.1: Lower limb articulations and amputation levels [adapted from Radciffe, 
1994]. 
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Since skeletal fixation of the lower limb prosthesis is not yet clinically proven, all 
forces between the bony stump and the socket must be transmitted through the 
intervening soft tissues, which are not well adapted to do this. The dynamic forces 
acting on the amputee during use of the prosthesis must be understood, because they 
determine socket shape, best alignment for optimal function and need for 
incorporating certain mechanical devices into the prosthesis. 
In the process of fitting a prescribed prosthesis to an amputee, the prosthetist must 
first fit the socket accurately and comfortably around the stump to form an effective 
connection to the prosthesis. He must choose and assemble the various components 
of the prosthesis as required to ensure a functional and stable device that can fulfill 
the needs of the individual amputee. Finally, he must align and adjust the prosthesis 
to the amputee to provide maximal restoration of function and minimal gait 
deviation, in both the stance and swing phase of a gait cycle [Radcliffe, 1994]. 
Alignment is generally divided into two processes: the static and the dynamic. The 
static alignment is singularly a preliminary review with the patient standing still to 
ensure that there is no obvious misalignment. Dynamic alignment involves both the 
stance and swing phase of the gait cycle. Adjustments are made so that the relative 
position of the points in the TKA line gives the preferred balance between mobility 
and stability. In swing phase it is needed to relate the axis of one joint with another, 
CAev'ý 
and of all joints with the body and direction of travel so as to provideWe optimum 
gait pattem [Vitali et aL, 1978; Radcliffe, 1994]. 
To achieve maximal restoration of function for the lower limb amputee, the 
following general considerations are pertinent: the socket must be comfortable; 
magnitudes and locations of the forces acting between stump and socket must be 
appreciated; an evaluation of the effectiveness of the man-machine (body plus 
prosthesis) combination is indicated. The latter requires a detailed knowledge of the 
biomechanics of human gait. 
Figure 2.2 illustrates two common lower limb prostheses (above-knee and below- 
knee) as well as their main components. 
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socket 
socket 
w-bar fo I 
linkage 
prosthetic 
knee patellar 
mechanism 
tendon 
bearing 
(PTB) 
Dynamic 
Seattle response 
prosthetic prosthetic foot foot 
(A) (B) 
Figure 2.2: Prosthetic limbs: (A) above-knee and (B) below-knee. 
There appears to be a difference in outcomes for the younger lower limb amputee 
compared to the older amputee [Kegel et al., 1978; Pruitt et al., 1998; Cutson and 
Bongiorni, 1996]. Although there may be a decrease in mobility skills in the older 
person, rehabilitation professionals should individualize management and not settle 
for less function just because an amputee is elderly. An idealized functional outcome 
list [Esquenazi, 1996; Treweek and Condie, 1998] for lower limb amputation with 
prosthetic restoration would include some of the following functions: 
- Ambulation with prosthesis on level surfaces, ramps and curbs. 
- Ambulation with no gait aids or cane. 
- Driving (if previously performed). 
- Independent in dressing. 
- Independent in donning and doffmig prosthesis. 
- Independent in wrapping or applying shrinker. 
- Standing for up to 2 continuous hours. 
- Walking for up to 2 continuous hours. 
- Get up from kneeling. 
- Leisure sports (if previously performed). 
- Comfortable with falling over and recovering techniques. 
- Climbs stairs step over step and/or one at a time. 
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2.1.1. Prosthetic Foot Designs 
Prosthetic prescription options for the amputee have changed dramatically over the 
past 10 years. Selecting the most appropriate components for the prosthesis is an 
extremely challenging task in view of the variety and complexity of new prosthetic 
components, socket fabrication techniques, suspension systems and available 
materials. 
Most patients who have a lower limb amputation and undergo prosthetic restoration 
require an ankle-foot mechanism as a component of their prosthesis. The human foot 
is a complex anatomical structure that provides a stable weight-bearing base of 
support, permits impact absorption and generates dynamic propulsion essential for 
locomotion. 
New prosthetic ankle-foot components have been developed in the last several years 
as a result of a better understanding of the biomechanics of human locomotion and 
technical advances in materials technology. These have resulted in improvements in 
the dynamic characteristics and durability, in reduction on the weight of the 
components and in creation of a new category of ankle/foot systems known as energy 
storing or dynamic-response feet. 
Most of the new prosthetic feet have been based on the solid ankle cushion heel 
(SACH) concept (Figure 2.3), known for its reliability. As its name implies there is 
no ankle joint with this foot. A thick, firm, rubber sole runs the full length of the foot. 
A wedge of softer rubber is placed in the heel. A keel made of wood or metal, runs 
obliquely forward from the ankle to a position somewhat behind the 'metatarsal 
heads' and the toe piece is solid rubber. There are a number of variants in the detailed 
construction of this foot. 
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F Rigid wood or 
metal keel 
Moulded foam plastic 
or rubber 
Heel cushion 
Figure 2.3: SACH foot. [Radcliffe, 1994] 
At heel contact the soft heel wedge compresses, thus bringing the forepart of the foot 
in contact with the ground although the toe remains dorsiflexed. This transfers the 
ground reaction forward. As the body passes over the foot in mid-stance the heel 
wedge rebounds to assist the shin to obtain the vertical, where it remains until the 
heel rises as it rolls over the front edge of the heel, compressing the rubber toe piece. 
At toe-off the rubber piece rebounds to help the foot rise and clear the ground. 
Some of the advantages of this foot are: it is usually light; has no articulated moving 
parts; durable; its rubber construction gives a little mediolateral movement and 
allows a little rotation and compliance with uneven terrain. On the other hand, it has 
some disadvantages: no adjustment for heel height other than a major disassembly of 
the prosthesis; without dorsiflexion in the toe-off phase there is difficulty in initiating 
knee flexion; when standing the heel cushion may compress, rotating the shin 
backwards. 
Not all of the newer ankle/foot systems provide energy storage or dynamic response; 
some have increased their energy dissipation characteristics, achievek a major 
reduction in weight and can be adjusted to different heel heights. The Stationary 
Ankle Flexible Endoskeleton (SAFE) foot designed by Campbell and Childs 
substituted a flexible rubber keel with added plantar tension bands in place of the 
contoured but rigid keel of the SACH foot to give an even smoother roll over the 
forefoot. 
II 
2. BACKGROUND 
The SAFE foot was followed by two other foot designs of the same class, the STEN 
foot from Kingsley and the DYNAMIC foot from Otto Bock. These three feet are 
characterised by a smoothly increasing dorsi-flexion resistance during rollover, 
which may make this phase of gait less abrupt than the SACH design. Schematic 
diagrams of the SAFE and STEN feet are shown in Figure 2.4. 
Figure 2.4: SAFE (A) and STEN (B) feet. [adapted from Radcliffe, 1994] 
More recent foot designs are capable of absorbing energy in a "flexible" keel during 
the "roll-over" part of the stance phase of walking and springing back immediately to 
provide push-off, or assistance in getting the toe off of the ground, to start the swing 
phase of walking. Although the original idea was to provide the active athlete with 
more function, amputees who are a lot less active have found these designs useful. 
These designs are often called "dynamic response" feet. Most of them are available 
with toes moulded in to provide a very realistic appearance. 
The SEATTLE foot was introduced in 1983. In this the forefoot keel was designed to 
store energy as a cantilever beam and then to return this stored energy during push- 
off. This type of foot was originally designed as an aid to below-knee amputee 
athletes who wished to run on their prosthesis. This springy action was found to be 
beneficial to other amputees who wished to participate in various strenuous 
activities. After the success of the SEATTLE foot there have been various competing 
designs introduced. The CARBON COPY 11 foot from Ohio Willow Wood uses a 
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double leaf spring keel made of carbon fibre laminate to store and release forefoot 
energy with a cushion heel to absorb energy at heel strike; the QUANTUM foot from 
Hosmer-Dorrance incorporates dual leaf springs for both forefoot and heel. The most 
usual design is the FLEX-FOOT in which a single leaf spring extends from the 
forefoot into the shank and serves as both a very efficient energy storage device. 
Schematic diagrams of the functional elements of several feet of this class are given 
in Figure 2.5. 
Dual leaf springs Fibreglass epoxy 
for forefoot attaclýment plate 
and heel 
Microcellular urethane ; 4&ý Bý flexible foam 
Flexible 
foam cushion Nylon keel Deflection 
plate 
C 
Graphite composite 
keel (core of the foot 0D 
and shank) 
Cleft between the Hallux 
and second toe 
Polyurethane ure 
MOL Water-resistant mould is 
polyethylene 
covershaped 
Acetal polymer semirigid keel with 
toe pad and a cushion heel 
Figure 2.5: Dynamic response prosthetic feet ((A) Quantum; (B) Carbon Copy 11; (C) 
Flex-foot; (D) Seattle). [adapted from Radcliffe, 1994] 
Despite all the engineering that goes into the rest of the prosthesis, the prosthetic foot 
plays a key role. A foot that does not suit the patient can detract from or even ruin 
what would otherwise be a comfortable and safe prosthesis. 
The Multiflex Foot and Ankle (see Figure 2.6) display their usability on uneven 
ground with a natural action and smooth transition from plantar to dorsi-flexion. 
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Torsional movement, inversion and eversion of the ankle give comfort and control 
customised to suit the individual's requirements. Performance is enhanced by careful 
design of the toe break, ingeniously reinforced with a polymer strip. Incorporated 
into the foot is a keel manufactured from a lightweight long fibre composite material. 
The revised foot design also provides increased heel cushioning. The foot bolt and 
spherical washer are the same as those used on the Dynamic Response Foot. 
$ 
Figure 2.6: Multiflex Foot and Ankle (dynamic response) prosthetic foot. 
A range of interchangeable ball and snubber components for the ankle cater for 
individual needs. Two sizes of ankle are available, one for the majority of active 
amputees, another to suit the less active, lightweight individual. 
There are available other ankle-foot systems that incorporate the shank and eliminate 
the need for a mechanical connection between the foot and shank. The shank-ankle- 
foot is usually made of a specially developed plastic composite that responds well to 
the forces created during the stance phase of walking. 
The College Park TruStepTM foot is a system based on the premise that the 
anatomical foot and ankle demonstrate the best engineering for human arnbulation. 
Consequently, the TruStepTM foot was designed to mimic the human foot and ankle 
both structurally and functionally. Ankle articulation is achieved by employing 
integral components, such as the ankle "bone" bumpers and bushings (see Figure 
2.7). The result is improved gait and increased "ankle like" motion. These "soft" 
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components also play an important role in dampening and absorbing shock to the 
residual limb. 
The TruStepTM foot's patented three-point weight transfer system incorporates the 
split toe (see Figure 2.7) for independent compensation and stability even on 
irregular terrain. Such conditions can result in off balance and awkward movements 
with solid keel/forefoot designs. 
Spectra Sock 
Front Bumpers 
Lubricant 
Rear Bumpers 
Foot Shell 
TruStep Foot 
Mounting Bolt 
Figure 2.7: College Park TruStepTM prosthetic foot and respective components. 
Additionally, a study conducted by the Michigan State University Biomechanics 
Evaluation Laboratory indicated that the compensatory torque on the "sound side" of 
a patient was substantially reduced with this system. Such a dramatic reduction in 
contralateral musculo -skeletal stress and fatigue greatly enhances life quality and 
endurance for patients with the TruStepTM foot. 
Natural motion of the foot and ankle requires triplane motions, i. e. abduction - 
adduction, inversion - eversion and dorsiflexion - plantarflexion. In normal gait these 
motions occur in combination and are described as pronation and supination. The 
College Park TruStepTM foot is unique in that it provides for all of these functions. 
Scientific information regarding the biornechanical performance of the many 
dynamic-response feet and their effects on human function is limited. It is evident 
that the prosthetic foot alone cannot accomplish optimal replacement of the ankle- 
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foot dynamic function. The force absorption is very significant; for this reason some 
of the prosthetic manufactures have attempted to expand the energy storing 
characteristics of the prosthetic feet to the prosthetic shank by using carbon graphite 
composites and other advanced materials. These innovative prosthetic feet and 
shanks, in combination with new socket designs and other developments in 
prosthetic components, have resulted in a significant improvement in the level of 
function, gait pattern and overall quality of life of the active amputee. In the 
sedentary amputee, these feet appear to provide improvement of limited ambulation. 
Scientific information that clearly demonstrates this functional improvement in the 
active lower limb amputee is limited. A decrease in metabolic energy consumption at 
high walking velocities, walking up inclines and running appear to be the most 
notable advantages. [Gauthier-Gagnon, 1999] 
2.1.2. Prosthetic Limb 
The socket is the basis for the connection between the user and the prosthesis. It 
always provides the means for transferring the weight of the amputee to the ground 
by way of the rest of the prosthesis. 
Socket design and fabrication materials are other areas of recent development and 
discussion [Travis and Dewar, 1993; Torres-Moreno et aL, 1991]. When considering 
the prosthetic factors that contribute to the success or failure of a lower limb 
amputee's prosthetic use, the prosthetic socket is probably the most important. A 
good prosthetic socket has a number of essential characteristics: it provides an 
interface between the residual limb and the prosthesis, permits efficient energy 
transfer from the residual limb to the prosthesis, maintains secure suspension for the 
prosthesis and may enhance prosthetic appearance. Sockets are custom made and 
routinely a transparent plastic check socket will be manufactured to permit direct 
visualization of the soft tissues and ensure total contact during controlled weight 
bearing. The residual limb through the socket provides the surface for contact and 
transfer of bodyweight. The interface between residual limb and socket is probably 
the most critical factor determining successful fit and function of a lower limb 
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prosthesis. Suspension of lower limb prostheses is a key factor in prosthesis design. 
To the amputee, a well-suspended prosthesis will "feel lighter" and seem to be more 
a "part" of him or her. Good prosthetic suspension enhances efficient energy transfer. 
It reduces excessive shear forces on the residual limb5 which can result in skin 
irritation or breakdown. It also reduces or eliminates gait deviations often seen with a 
poorly suspended prosthesis. New residual limb-socket interface materials have 
improved the fitting outcomes for people with redundant soft tissues, poor-quality 
subcutaneous tissues,, or insensate skin. More patients are receiving silicone socket 
liners that can be self-suspending through suction/friction to the skin and interfaces 
with the socket. This system provides added resiliency inside the socket and probably 
reduces shear forces at the residual limb-socket interface [Lee et al., 1997]. 
New techniques are being developed for fabrication of prosthetic sockets. Some are 
still in the investigation stage. Others, such as the CAD-CAM (computer aided 
design-computer aided manufacturing) have reached field application [Engsberg et 
aL,, 1992]. This is a sophisticated computer-based system that utilizes a mechanical, 
optical, or laser shape-sensing device that reads the shape of the residual limb or cast 
of the residual limb. The computer image can be manipulated (modified) by the 
prosthetist in a manner similar to the way a positive plaster mould of the residual 
limb would have been modified. This process may relieve pressure-sensitive areas 
and increase contact for pressure-tolerant areas. The data is fed to a computer- 
controlled milling machine that produces a modified positive mould, from which a 
prosthetic socket can then be fabricated. 
In below-knee amputations the natural knee can largely provide the controls for both 
the stance and swing phase if the stump is long enough. When the amputation has 
been above the knee, this natural control is lost. These prostheses might be fitted 
with stance and swing phase controls, which can go from simple locks, preventing 
flexion, to more complex, such as hydraulic mechanisms, used in control of swing 
phase and also incorporating methods of stabilizing the knee in the stance phase. 
There have been many attempts to mimic more closely the complex movements of 
the natural knee. This has usually been achieved by using a four-bar linkage system. The 
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principle of the four-bar linkage is that the thigh piece and shin provide two bars 
which are linked together by two other bars of differing lengths. The precise 
arrangement of these bars alters the character of the movement, but a changing centre 
of rotation somewhat similar to the normal knee can be obtained. Such a joint can be 
placed below the FoO'Aof the natural level. These joints will do much to make knee 
disarticulation acceptable as an amputation. They are naturally stable up to about 15' 
of flexion and can have swing-phase controls added. 
Since 1959, when Radcliffe and Foort published the work of the University of 
California on the patellar tendon bearing below-knee prosthesis, this type of limb has 
become the prosthesis of choice throughout the world. Commonly referred as the 
PTB limb, this prosthesis combines two techniques of weight transmission, total 
contact between stump and socket, and moulding of the socket to localise the forces 
in certain prescribed areas. Because in many below-knee amputees the knee action is 
unaffected by amputation, it is reasonable to expect such an amputee to walk with a 
normal knee action. When this potential is anticipated and accounted for in the fitting 
and alignment procedure, a below-knee amputee can make use of the controlled 
flexion-extension-flexion sequence of knee action required in absorbing shock and 
smoothing the path of motion of the centre of mass. The socket must be fitted to 
accommodate the dynamic forces, and the amputee must contribute voluntary control 
of the knee by action of the musculature. 
In recent years there have been extensive developments in the design of prosthetic 
feet and sockets, as well as in the use of ultra-light materials to enhance the function 
of amputees. Energy-storing prosthetic feet enjoy wide popularity among transtibial 
amputees [Lehmann et al., 1993a; Lehmann et al., 1993b]. These components have 
been shown to store energy in mid-stance phase and to release it in late-stance phase, 
reproducing the character and timing of the muscle work characteristics of the 
normal ankle plantarflexors, but with a much reduced magnitude [Winter and Sienko, 
1988; Czernieck et al., 1996]. The effects of energy-storing feet on transtibial gait 
biomechanics are variable and depend on the functional task being performed. 
During walking, energy-storing feet do not result in a significant normalization of the 
abnormal muscle work characteristics of the prosthetic stance phase limb. During 
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running, however, the Flex foot, for example, results in a normalization of the 
functional characteristics of the hip and knee during stance phase [Czemiecki, et aL, 
1991]. 
Because the ambulation after transtibial amputation is associated with abnormal 
biomechanics, there has been concern about the possible adverse effects of impact 
loading of the soft tissues and skeletal structures. During walking and running there 
is an increase in the rate and magnitude of impact loading on the intact lower 
extremity, whereas loading of the prosthetic extremity is actually less than normal 
[Engsberg et al., 1991]. Prosthetic foot design can influence the abnormal loading 
characteristics of the intact limb. The Carbon Copy 11 and the Quantum feet were 
associated with significantly greater intact limb impact forces compared to the 
SACH, SAFE, Seattle and Flex feet in one study, whereas in another study 
comparing similar spectrum of prosthetic feet, the Flex foot was the only prosthetic 
foot to be associated with a significant reduction in the intact limb loading [Powers, 
et al., 1994, Barr, et al., 1992]. 
2.1.3. Adaptive Strategies of Amputees 
Some of the adaptations amputees use to successfully ambulate with the prosthesis 
have been clarified with recent biornechanical research. During stance phase on the 
intact limb of the transtibial amputee, the timing and magnitude of muscle work 
patterns are very similar to normal. In contrast, the prosthetic limb exhibits a 
reduction in both the energy absorptive function of the quadriceps and the energy 
absorptive and generative function of the prosthetic foot/ankle assembly [Winter and 
Sienko, 1988; Wirta et aL, 1991]. The reduction in the push-off power output of the 
prosthetic foot in walking is partially compensated for by an increase in the 
mechanical work done by the hip extensors. Dynamic EMG studies have also shown 
an increase in co-contraction of the knee musculature during stance phase. The co- 
contraction may be an attempt on the part of the amputee to enhance stability or to 
counteract the increase in hip extensor muscle work that is performed by the 
hamstrings [Winter and Sienko, 1988]. There are few changes in the swing phase 
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muscle power outputs of both the intact and the prosthetic limbs during walking 
[Torburn et aL, 1990; Winter and Sienko, 1988; Schneider et aL, 1993]. 
Amputees have increasingly been interested in achieving levels of function beyond 
simple day-to-day ambulation. A prerequisite for the participation in many sports is 
the ability to run. Research is beginning to enhance our understanding of the 
adaptations necessary to allow amputees to run. In stance phase, the prosthetic limb 
exhibits only 50% of the muscle work seen in normal subjects [Czerniecki et al., 
1991; Czemiecki et al., 1996]. There is a marked reduction in energy absorption by 
the knee extensors and energy generation by the prosthetic foot. It is surprising that 
the intact limb in stance phase does not exhibit an increase in muscle work to 
substitute for these abnormalities. The reduction in "push off' power of the prosthetic 
stance phase limb is compensated for by changes in the biornechanics of the 
prosthetic limb in stance phase and the intact limb during swing phase. In the 
prosthetic stance phase limb, the hip extensors become the chief energy absorbers 
and generators. During intact limb swing phase, there is a marked increase in the 
magnitude of the muscle work components [Czemiecki et al., 1991]. The additional 
mechanical work increases the energy level of the limb and subsequently results in 
an increased energy transfer to the trunk during terminal swing phase deceleration 
[Czerniecki et al., 1996]. The increase in energy transfer that accelerates the trunk 
forward occurs at the time when there is deficient power generation by the prosthetic 
foot. In summary, the hip extensor muscle group on the prosthetic limb during stance 
phase and the hip and knee musculature of the intact limb during swing phase have 
increasing demands placed on them because of the alterations of biomechanical 
function which have occurred as a result of amputation and prosthetic fitting. 
In the transfemoral amputee, there is a loss of sensory motor function at the knee as 
well as at the foot and ankle. During prosthetic limb stance phase, there is a requisite 
need for the amputee to maintain the stance phase stability and to prevent inadvertent 
knee buckling. The maintenance of knee stability can be partially achieved through 
prosthetic alignment and choice of knee unit; however, there are also adaptations in 
gait biornechanics, which may assist in the accomplishment of this goal. The first 
kinematic adaptation is that, in contrast to the transtibial amputee and normal 
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persons, the transfemoral amputee does not allow knee flexion in the first 30% to 
40% of the stance phase. By keeping the knee extended, there is a marked reduction 
in the tendency toward knee buckling. Secondly, the transfemoral amputee utilizes 
the hip extensors to maintain knee extension. 
In pre-swing phase on the prosthetic limb, as with the normal lower extremity, the 
functional task of ambulation is to begin to accelerate the leg forward into swing 
phase. As noted previously, in normal ambulation this is achieved through 
contraction of the ankle plantarflexors in concert with the hip flexors. In spite of the 
fact that a prosthetic limb at the transfemoral amputation level may have a mass of 
only 30% of a normal lower extremity, it must generate the same magnitude of hip 
flexor power output as the normal. This is in large part because the power generation 
of the prosthetic foot is trivial compared to the normal gastrocnemius/soleus. 
The major adaptation in the intact limb during stance phase is an increase in energy 
generation by the hip extensors and the ankle plantarflexors. The increase in the 
mechanical work by these two muscle groups may partially compensate for the 
reduced push-off function of the prosthetic limb. In patients who demonstrate 
vaulting, increased ankle plantarflexor work on the intact side may lift the centre of 
mass and assist with swing phase clearance of the prosthetic limb. 
Few swing phase muscular adaptations are noted in the prosthetic limb of the 
transfemoral amputee. In addition, the prosthetic hydraulic knee unit closely 
reproduces the normal energy-absorbing function of the quadriceps in early swing 
phase and the hamstrings in late swing phase. 
The biomechanical cause of the inefficiency of transfemoral amputee gait has not 
been well characterized. Historically, the rehabilitation literature has focused on the 
excursion of the centre of mass of the body as being the primary determinant of the 
efficiency of human motion. Research that has attempted to correlate the motion of 
the centre of mass with metabolic costs in normal walking [Hamill and Knutzen, 
1995; Pierrynowski et aL, 1980], normal running [McNair and Marshall, 1994; 
Prilutsk et aL, 1996; Kram and Taylor, 1990] and transfemoral amputee gait have 
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failed to support this theory [Jaegers et al., 1993; Miller, 1983; DiAngelo et al., 
1989; Mensch and Ellis, 1986]. It appears, therefore, that the mechanical work 
involved in moving the centre of mass of the trunk is no greater in amputees than in 
normal subjects. 
2.2. GAIT AND RUNNING ANALYSES 
The gait cycle is described by support phase and non-support phase. The stance 
phase usually lasts about 60% of the cycle, the swing phase about 40% and each 
double support about 10%. However, this varies with the walking speed and the final 
disappearance of the double support phase marks the transition from walking to 
running. Between successive steps in running there is a flight phase, when neither 
foot is on the ground. In progressing from walking to running, the subject takes 
longer strides in addition to the use of a far more vigorous arm action and a large 
increase in range of motion at the hip and knee joints [Cavanagh, 1990; Craik and 
Oatis, 1995]. 
The basic unit of running is the stride, the cycle from foot contact to the next contact 
of that same foot. The term stride length is defined as the distance between 
successive contacts of the same foot. Implicit in this definition is the step (half stride) 
the unit consisting of two successive foot contacts of opposite feet. The term step 
length has been used to denote the distance the body moves forward during a ground 
contact period [Cavanagh, 1990]. 
Gait speed is the measurement of distance per unit time. According to a group of 
researchers [Vaughan, 1984] the range of speeds, when the subject is able to either 
walk or run, occurs between 1.5 and 3.5m/s. It is clear that in both walking and 
running the subject increases velocity by decreasing the cycle time [Murray et aL, 
1983]. The walking/running speed is self-selected by the subject and ranges of speed 
and stride length, for both normal and lower-limb amputees are given below in Table 
2.1. 
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Table 2.1: Normal, fast walking and running speeds and stride lengths, of normal 
sub ects and trans-femoral amputees (hydraulic swin -control knee) [Murray et aL, j9 
1983; Cavanagh, 1990; Brouwer et al., 1989; Enoka et al., 1982]. 
Normal walking Fast walking Running 
Normal - velocity (m/s) 1.51 2.18 3.00 
Normal - stride length (m) 1.56 1.86 2.20 
Amputee - velocity (m/s) 1.20 1.69 2.63 
Amputee - stride length (m) 1.44 1.71 2.33 
In running studies speed is an important issue. The use of self-selected speed adds 
variance to the data and raises difficulties in making comparisons between studies. If 
a fixed running speed was required then the runner has to repeatedly try to match the 
correct speed with possible interference to the 'natural' running pattern. 
In field conditions, the distance covered by the runner before and after striking the 
force plate (runway) is a matter that is not well reported in the literature on running 
studies. The range of the approach run (runway) varies from 12 metres [Dickinson et 
aL, 1985; Keller et aL, 1996; Nigg et aL, 1987] to 40 metres [Cavanagh, 1990; 
Munro et aL, 1987]. The shortened runway probably causes alterations in each 
runner's natural running style, leading to a careful selection of data in order to be sure 
that the runner is not speeding up or slowing down at the moment of the 
measurement. Most researchers usually examine the positive and negative parts of 
the Integral of the anteroposterior GRF component (impulse) and select data when 
the subject was not speeding up or slowing down. It has been suggested, Weiss and 
Weiss [1994], that the minimum running distance to achieve a constant speed should 
be two or three stride lengths, about 8.5m, which gives a minimum runway of 20m, 
considering twice this distance to speed up and slow down plus the force platform 
location. 
Ground reaction opposes the force transmitted to the ground by the foot of the 
runner. It is a distributed force that acts over the entire contact surface (i. e. part of the 
foot or shoe in contact with the running surface). It can be represented as a vector 
quantity, defined in terms of the magnitude, direction and point of application of its 
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resultant. It is usual to decompose the resultant GRF into three orthogonal 
components. The directions of these components are vertical (Fv), anteroposterior 
(braking-propulsion) (FAp) and mediolateral (FML) [Cavanagh, 1990; Cavanagh and 
Lafortune, 1980]. 
Henning et aL [ 1996] showed that the peak of the vertical component of the GRF 
was up to 2.1 BW during running for fourteen male runners. They reported that all 
subjects ran in three different shoe constructions with midsoles of varying hardness 
at a speed of 3.8m/s. Nigg et aL [ 1987] reported peak vertical force for fourteen male 
recreational and competitive runners of 2.9BW, performing with four different 
running velocities (3,4,5 and 6m/s) and three different shoe hardness conditions. 
Munro et aL [1987] reported on the ground reaction forces generated by twenty adult 
male distance runners whilst wearing the shoes they customarily used for jogging. 
For speeds ranging from 2.5 to 5.5m/s they found a peak vertical force of over 3BW, 
with an average maximum of 2.9BW; a peak AP force of 0.5BW; and a peak ML 
force of 0.35BW. 
Considerable research has been undertaken on amputees whilst walking [Dingwell et 
al., 1994; Schneider et al., 1993; Winter and Sienko, 1988; Gitter, et al., 1991; Wirta 
et al., 1991 ]. However, relatively few researchers have focused on their running 
capabilities. A number of these studies have been conducted to determine whether 
unilateral below-knee (BK) amputees could meet the criterion for running having 
alternating periods of single support and complete non-support in their strides [Enoka 
et al., 1982; Miller, 1983; Nigg et al., 1995; Schneider et al., 1993]; and it is 
apparent that many amputees are able to run. Findings suggest that for individuals 
with transtibial amputation, running is characterised by several compensatory 
mechanisms. Typically, there is an absence of the first GRF peak for the prosthetic 
limb [Miller et al., 1981]. Figure 2.8 illustrates the vertical and horizontal (antero- 
posterior - AP) GRF patterns for the contralateral and artificial limb of an amputee 
wearing a prosthesis with SACH on the right foot. The magnitudes of the GRF acting 
on the prosthesis were similar with the load experienced by normal runners and were 
not significantly different from the intact foot [Miller, 1983; Miller et al., 1981; 
Vaughan, 1984]. 
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Figure 2.8: Vertical force (Fv) and Antero-posterior force (Fap) for an amputee 
runner at 3.9 m/s with SACH foot - [adapted from Miller, 1983]. 
The impact of the structural asymmetry caused by the loss of a lower limb on the 
biornechanics of running, particularly on the kinetic determinants that underlie 
observed temporal and kinematic features of gait, have not been well documented. 
Examination of the kinetics is especially important because the kinetics are likely to 
reflect the underlying control strategies being utilised to effect gait. Knowledge of 
the kinetics should provide insight into the motor adaptations that have been made by 
the individual to offset the structural asymmetry caused by the amputation. 
The amputee patient has the substantial challenge with respect to gait of adapting 
motor control strategies to compensate for the functional loss of significant 
locomotor musculature and the altered structural properties of the supporting limb. 
These adaptive processes must incorporate prosthetic limb motion with those of the 
intact limb to develop a reasonably symmetrical gait [Brouwer, et aL, 1989]. Because 
asymmetrical gait has been associated with degenerative changes in the intact limb 
[Hurley, et aL, 1990], it is important that the rehabilitation programme focus0on both 
lower limbs and their interaction. 
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In human gait, symmetry between left and right limbs can be measured for 
anthropometric, temporal, spatial, kinetic, kinematic, or eletromyographic data. 
Several researches have challenged the idea of symmetry in normal human gait. The 
differences in opinions about the degree of asymmetry of humans are most likely 
related to the definition of gait symmetry and possibly to the variables selected to 
assess symmetry. Gaittymmetry is to be expected in the gait of amputees because of 
the unnatural asymmetry imposed on the biornechanical system by the prosthesis 
[Winter and Sienko, 1988]. Given these circumstances, it is of practical interest to 
quantify the asymmetries, which occur in normal human gait. These asymmetries 
may then be used as a criterion measure to differentiate between normal and 
pathological gait. Furthermore, they may be used as guidelines in the assessment of 
progress in the rehabilitation of patients and serve as an objective evaluation tool for 
the prescription of treatment of patients. 
Symmetry indices (SI) values for each variable have been quantified using the 
following equation, proposed by Robinson et aL [1987]: 
XR 
- 
XL 
si 
= Y2 * (XR + XL) 
. 100% (2.1) 
where: XRis a gait variable recorded for the right leg; 
XL is the corresponding variable for the left leg. 
This definition of the symmetry index may be used for kinetics and kinematics gait 
data [Herzog et aL, 1989]. A value of zero for SI indicates that there is no difference 
between the variables XRand XL and, therefore, that there is perfect gait symmetry as 
measured by that particular gait variable. A positive value for SI indicates that the 
magnitude of XR is larger than that of XL, a negative value indicates that the 
magnitude of XRis smaller than that of XL. 
The most prominent asymmetries found in the running gait of amputees are: 
increased support times and decreased impact peak of the ground reaction forces for 
the prosthetic limb compared to the contralateral. limb [Enoka et aL, 1982; Miller, 
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1983; Miller et aL, 1981]. The peak may have been partially dampened because the 
heel material absorption of the prosthesis or the amputees may have reduced the GRF 
contact to minimise the associated discomfort at stump/socket interface [Miller, 
1983; Miller et aL, 1981]. Asymmetrical gait in lower limb amputees is very well 
documented [Antonsson and Mann, 1985; Davis and Cavanagh, 1993; Jansen and 
Jansen, 1978] and it has been suggested that there may be a negative relationship 
between the magnitude of the impact loading on the prosthetic foot and their running 
capabilities. 
A study [Kegel et aL, 1980] of the recreational activities, on younger people of either 
sex, showed that approximately 60% of lower extremity amputees participated in one 
or more physical recreations. Many of them were active in sports before losing a 
limb and expressed a desire to remain active despite their disability. Nonetheless, 
people can adapt remarkably well to amputation, as demonstrated by those 
individuals who are able to run, using an above knee (AK) prosthesis [Kegel et aL, 
1980; Miller, 1983]. 
The ability to run, at least short distances, holds the key to a more active life. As a 
result of increasing demands for performance, designers of prosthetic equipment are 
using modem materials that are light, strong, durable and capable of improving 
propulsion, i. e. designing prostheses that will accommodate a near-to-normal leg 
action. Such improvements require a greater understanding of the biomechanical 
adaptations adopted during running (kinematics and dynamics of the limb-deficient 
or energy-storing prosthesis). Moreover, this knowledge will not only allow specific 
rehabilitation and training strategies to be developed, but it will also allow 
developments in prosthetic hardware (made to encourage and facilitate a more active 
lifestyle) to be objectively evaluated. 
One of the attributes of an ideal prosthetic foot device is to improve the subject's 
running ability. This will be influenced by the amount of metabolic energy required 
to operate a certain prosthetic foot compared with another. A prosthetic foot 
requiring low metabolic energy expenditure would increase the subject's autonomy 
facilitating his running activities. 
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2.2.1. Experimental Requirements 
Prior work on amputee running had suggested that the most significant/consistent 
measurements for assessing*' rosthetic limb during amputee running involved the p 
following parameters: VGRF profile, including peaks and curve shape; comparison 
between prosthetic and contralateral limb, best represented by the symmetry indices; 
stance and stride time and stride length. These parameters were then selected for use 
in this research. The reasons for choosing this approach are discussed in the 
subsequent paragraphs. 
Over the last few years, GRF patterns associated with running have been reported in 
the literature. One of the reasons for this might have been that GRF data collection 
and analysis can be reasonably straightforward, at least when compared to the 
labour-intensive method associated with kinematic analysis. For the purpose of 
analysis, it is simplest to Yesol'Ve the resultant GRF into three orthogonal 
components that have functional significance in running. The directions of these 
components are vertical, antero-posterior (AP) and medio-lateral (ML). 
Of all GRF characteristics, the vertical component has received the greatest attention 
from a research point of view. Because of its magnitude, it dominates the resultant 
GRE Therefore, if one component were to be chosen to characterise GRF, it would 
be the vertical. In addition, its force-time history appears to be more straightforward 
than that of the other two components (AP and ML) and hence is easier to quantify 
for comparative purposes. Characteristics such as first peak (impact), relative 
minimum, second peak, average VGRF and impulse can be readily quantified and 
have a functional relationship to the performance [Nigg et aL, 1995; De Wit et aL, 
1995; Wright et aL, 1998]. 
An interesting observation with BK amputees, showed that when they were just 
beginning to relearn running, the VGRF elicited during ground contact with the 
amputated limb fitted with a prosthesis lacked the typical heel-strike impact force. 
. 1,60 The latter, however, was evident in the GRF records of the contralateral. limb. As the 
amputees became more comfortable with running and after they had accumulated 
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considerable mileage, an impact peak began to appear in the GRF patterns associated 
with stance on the prosthesis. This was taken to be a positive sign of progress 
[Dingwell et al., 1994; Miller, 1983; Schneider et al., 1993; Winter and Sienko, 
19881. 
If the VGRF had to be described by a single variable, the most meaningful selection 
would be the average VGRF exerted throughout the entire stance phase. Because it is 
an extremely stable indicant, the average VGRF can be used to monitor treatment or 
training programmes that result in changes in the vertical acceleration of the total 
body centre of gravity [Munro et aL, 1987]. 
Although the force-time configuration is reasonably consistent for a given runner, the 
pattern of the AP force varies among individuals (inter-subject variability). It 
exhibits single, double or multiple peaks that do not appear linked in any simple way 
to foot-strike classification as was previously believed [Cavanagh and Lafortune, 
1980; Hamill and Knutzen, 1995; Munro et aL, 1987]. As mentioned before (Section 
2.2) the relative magnitudes of the braking and propulsive impulses of the horizontal 
GRF (FAp Integral) for a given trial can serve as an objective measure for verifying 
whether a runner has met a 'constant velocity' criterion. 
Despite the fact that it has been possible to identify readily quantifiable 
characteristics of the AP and VGRF components, this has proven much more 
difficult in the case of the ML GRF component elicited during running stance. This 
component is generally characterised by high variability. Magnitudes, directions, and 
number of zero line crossings differ across subjects and often between feet of a given 
subject. In this connection, it is interesting to note that the functional significance of 
positive and negative on the force axis is not indicated on the figures of many 
published articles [Hamill et aL, 1983; Nigg et aL, 1987]. Unlike walking, in which 
the initial reaction elicited is usually lateral and the dominant ground reaction during 
the latter part of stance is medial, when the records of a number of runners are 
combined, it is difficult to discern any consistent pattern [Munro et aL, 1987]. 
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It is unlikely that right-left asymmetries will be found when GRF data across subjects 
are pooled. Within subjects, however, the picture is often a different one in which 
distinct bilateral asymmetries become apparent [Herzog et aL, 1989; Robinson et aL, 
1987; Giakas and Baltzopoulos, 1997]. GRF thus has the potential to be a valuable 
tool for individual diagnosis [Cavanagh, 1990] and for examining the effect of 
various intervention strategies. Although the GRF records do not identify the 
reason(s) for asymmetries, they produce evidence to their existence. 
Frequency components of the interested signal are another important factor when 
analysing gait. It has been shown previously that the frequency content of gait is 
quite low. Antonsson and Mann [1985] studied a total of 30 foot contacts from 
twelve subjects walking on a force platform. Each force record was normalised to the 
maximum force for the group and the Fast Fourier Transform (FFT) determined and 
compiled. They reported that no amplitudes greater than 5% of the fundamental exist 
above lOHz, none greater than 2% above 20Hz and all amplitudes greater than 1% 
are contained below 50Hz. They also noted that 98% of the power is contained below 
1OHz and 99% below 15Hz. This data is supported by Acharya et aL [1989]. They 
took similar data from ten subjects using in-shoe strain gauge force transducers and 
reported the aggregate FFT of the data. They indicated that no amplitudes greater 
than 5% of the fundamental exist above 6Hz and that at 40Hz the amplitude is 0.2% 
of the fundamental and remains approximately constant above that frequency. 
Simon et aL [1981] used three different platforms with natural frequencies of 
between 100 and 130OHz and found that the majority of the signals existed below 
1OHz but with a peak at heel contact with a frequency content of 10-75Hz (bare-foot; 
10-50Hz with shoes). Giakas and Baltzopoulos [1997] reported that 95% of the 
signal amplitude in the GRF was contained in the first 15 harmonics of the vertical 
component (20.27Hz), 14 harmonics of the AP component (18.92Hz) and 19 
harmonics of the ML component (25.68Hz). Lafortune et aL [1995] examined the 
transfer function between tibial acceleration and GRF during running at 4.5m/s. 
These investigators filtered their data using a digital filter with a cut-off frequency of 
I OOHz since a power spectrum analysis of the GRF and accelerometer data revealed 
an average 98% of their content to be below IOOHz. Winslow and Shorten [1989] 
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used skin-mounted accelerometers to measure the frequency components during 
treadmill running. They studied twelve male runners at four different speeds (2,3,4 
and 5m/s) and found frequency components in the 5-2OHz range, which appears on 
the low side when analysing running [Simon et aL, 1981]. The literature seems to 
agree that a frequency response of greater than IOOHz is sufficient for the 
measurement of running. 
It was felt that the parameters discussed in this section would promote a 
comprehensive assessment of prosthetic limbs during amputee running. Some of the 
methods employed to measure those parameters are discussed in the next section. 
2.2.2. Measurement Techniques 
The foot is normally the only part of a runner's anatomy that interacts mechanically 
with the enviromnent. Consequently it is logical that for a better understanding of the 
running analysis, researchers have been investigating the ground reaction forces. 
Previous work on amputees running has used floor-mounted force plates to measure 
the GRF [Brouwer et aL, 1989; Czerniecki et aL, 1996; DiAngelo et aL, 1989; Enoka 
et aL, 1982; Miller et aL, 1981; Prince et aL, 1992; Schneider et aL, 1993] while a 
limited number of studies have performed similar measures with a treadmill-mounted 
force plate [Dingwell et aL, 1994,1996; Horstmann et aL, 1987]. To allow multiple 
trials and precise experimental control of locomotion speed, force plates methods are 
difficult. Therefore, a treadmill-based device should improve such experiments. Such 
a device would probably decrease the experimental time for each subject, thus 
decreasing any fatigue effect. 
Some limitations in using force platforms are: 
- the small size of the support plate. This makes it difficult for the runner to contact 
its surface without altering the running stride, particularly when increasing the 
speed; 
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- the GRF data collected is for only a single support phase for each trial. Having 
multiple force plates does not necessarily solve the problem, as accurate 
prediction of the force platform placement for consecutive footfalls is difficult to 
achieve due to inter-subject stride length variations; 
- the laboratory areas in which the force platform is installed place unnatural 
constraints on the runner,, altering run stride; 
- to obtain valid and repeated data, the speed should be controlled, something that 
can be difficult to do using voluntary control; 
- the runway available can limit speeds tested; 
-a large number of trials have to be conducted, being quite time-consuming; 
- the data can not be collected for successive strides. A long walkway could be 
used, however the length (runway) needed to achieve running velocities would 
increase greatly the Laboratory area and costs. 
Treadmills permit walking, jogging or running indoors without traffic, dust, wind or 
scenery; a mode of exercise in a controlled environment. However, a large difference 
between the treadmill and other exercise machines is that they are motorised. There 
is a type of non-motorised treadmill that one use by pushing a movable belt 
backward over a series of rollers while grasping a guard-rail. However the change in 
gait pattern makes walking feel unnatural and these are not commonly used for 
running. 
A quality treadmill is one of the most complicated of the exercise machines because 
it is among those used for a wide range of walking and running movements 
[Kreighbaum and Smith, 1996]. The supporting platform may be metal, carbon fibre, 
synthetic, or vinyl-laminated steel. The deck upon which the belt slides should be as 
frictionless as possible. Some manufactures make the deck out of a Teflon-like 
material with the belt made of rubber, also with a Teflon-like coating. The platform 
material should be somewhat flexible to absorb the shock of landing. The roller 
should have guides to keep the belt on the platform and prevent side slip. Also there 
should be a way to adjust the tightness of the belt to prevent slippage if the belt 
stretches. The working assembly consists of a flywheel attached to store momentum, 
which makes the movement smoother. The motor drives the speed of the belt. This 
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drive is transferred to the belt by a rubber or nylon strap attached to the motor and to 
the roller. The rollers are made of stainless steel with steel bearings. Motor 
horsepower ranges from 0.5 to 4HP (horsepower) (3. OkW). Of course, the greater the 
horsepower the better, particularly if the machine gets frequent use, if the user is 
heavy, or if the workout is strenuous. 
The advantages when using a treadmill are: 
a constant and known speed can be selected and it is easy to control the subject's 
speed allowing the researcher to identify critical speeds (when a subject is able to 
walk and run); 
- no "run up" needed, reducing the physical space (length) of the Laboratory; 
- the evaluation of the walking/running analysis with different treadmill 
inclinations, enabling one to discover experimentally how several important 
parameters change with the angle of the incline; 
- the gait transitions and non-preferred speeds of locomotion that can be studied 
more easily; 
- facility to combine other tools, e. g. high speed cinematography, oxygen 
consumption, EMG, maker detection system and heart rate monitoring; 
- time-saving during the trials and data collection. The ability to collect data 
continuously e. g. ten to fifteen consecutive strides of gait can be collected in 20 
seconds; compared to the conventional methods, where the collection of this data 
for non-consecutive strides could easily take over an hour; 
- ease of recording data for numerous foot strikes; 
- real-time feedback of force information may be given to human subjects which 
may be useful for athletic performance enhancement, injury prevention and 
clinical diagnosis. 
However treadmill systems also present some difficulties: an acceptable accuracy 
measurement of the shear forces may be prevented due to induced vibrations 
delivered from the motor, other moving parts and friction effects; fluctuations in belt 
speed; reproducing the environmental effects (e. g. visual information and air 
resistance); also to achieve a great level of mechanical stiffness assuming the GRF 
signal content. 
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A treadmill is often used in biomechanics studies of locomotion and for training and 
rehabilitation purposes, simulating overground (OVGR) walking and running. The 
literature indicates widely differing and conflicting opinion about the validity of the 
assumption that treadmill locomotion is similar to OVGR environment. This issue 
will be discussed in the following paragraphs. 
(a) 0 VGR and treadmill locomotion 
Studies by Elliott and Blanksby [1976] used cinematography to kinematically 
compare individually selected OVGR and treadmill jogging and running by adult 
subjects. All subjects were regular joggers but not competitive runners. No 
significant difference were recorded in the stride length, stride rate and support or 
non-support time when running at velocities between 3.3 and 4.8m/s. Nigg et al. 
[1995] analysed twenty-two subjects running on four different surfaces: OVGR and 
three treadmills that differ in size and power. The kinematics of the right leg and foot 
were studied using two high-speed cameras (lateral and posterior view). The subjects 
ran in two different shoes (a standard running shoe - Laboratory one, and their 
personal running shoes) at two different speeds (3 and 4.5m/s). It was concluded that 
the differences measured in kinematic variables between treadmill and OVGR 
running contained systematic or subject-dependent components. They showed an 
inconsistent pattern, depending on the individual athlete's landing style, running 
speed and shoe/treadmill situation. 
Van Ingen Schenau [1980], using a theoretical mathematical approach, concluded 
that the mechanics of treadmill and OVGR running are basically the same as long as 
the belt speed is constant. In such a system no mechanical difference exists in 
comparison with OVGR locomotion with respect to a fixed coordinate system. All 
differences found in locomotion patterns must therefore originate from other than 
mechanical cause, e. g. air resistance, visual information, and possibly because in 
OVGR locomotion the surroundings move with respect to the subject, which is not 
the case when using a treadmill. 
Frishberg [1983] used a similar moving coordinate system to analyse OVGR and 
treadmill sprinting data. This study suggested that OVGR and treadmill locomotion 
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at high sprinting speeds (from 8.2m/s to 9.8m/s) are biomechanically different. To 
what extent these differences are due to mechanical or psychological factors could 
not be ascertained from this data. 
In a review of biomechanics of running [Cavanagh, 1990; Nigg et al., 1995; 
Vaughan, 1984], it was concluded that when significant differences were reported, 
they have generally been for speeds greater that 5m/s. 
Nelson et aL [ 1972] compared the biornechanics of OVGR and treadmill running 
using cinematographic methods. They filmed sixteen experienced runners while 
running at three speeds (3.35,4.88 and 6.40m/s) and on three different slopes 
(horizontal, uphill and 10% downhill) over both surfaces. No significant differences 
were observed where the running surface was horizontal. 
Stolze et aL [1997] investigated differences between OVGR and treadmill 
locomotion at "identical" gait velocity in twelve adults. They reported that stride 
length and stance phase of the walking cycle decreased during treadmill locomotion, 
that swing phase increased by 5%, and the reduction of step length was found to be 
stable after 10 minutes of treadmill walking. According to Bassett et aL [1985] there 
is general agreement that the oxygen demand of level running is similar for both 
treadmill and OVGR situations at speeds up to 4.8m/s. They performed tests with 
seven male subjects and found that there were no significant statistical differences 
between them. 
White et aL [1998] compared vertical ground reaction forces walking OVGR with 
vertical foot-belt forces for treadmill gait at three speeds (1.04,1.42 and 1.68m/s) 
and at comparable cadences and stride length at each of the speeds. Their results 
showed that although the patterns of the vertical reaction forces for the two forms of 
locomotion were nearly identical, small but significant differences in selected force 
magnitudes were evident, which appeared to be walking speed dependent. 
Kobylarz [1990] summarised some of the findings comparing OVGR and treadmill 
ambulation, highlighting the need to be aware of significant variations in lower limb 
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mechanics during treadmill ambulation such as: increase in time of support, stride 
length, cadence; decrease in stride rate and sagital plane knee kinematics; which 
were mostly influenced by slope and velocities greater than 5m/s. Not surprisingly, 
the most common observation was that individuals required several training or 
practice sessions to become familiar and comfortable with treadmill ambulation and 
running. To minimise kinematic differences when conducting an experiment on a 
treadmill,, the usual procedure is to allow each subject an adjustment period of 10-30 
minutes [Wall and Charteris, 1980; 1981]. 
However it must be recognised that treadmill gait is not identical to that of OVGR 
locomotion, and the similarity between them remains a controversial topic, which 
might be overcome by reporting the results for treadmill running and assuming that 
the general trends and principles apply to OVGR running. Nevertheless, it is not yet 
fully understood how the human locomotor system adapts to a particular treadmill 
running situation. 
(b) Treadmill systems (0) 
Ground reaction force measurements combining treadmill devices and force plates or 
force transducers have been built for individual research projects, with various 
degrees of success and cost. Kram and Powell [1989] mounted a commercial force 
platform directly underneath the treadmill belt, requiring a whole new treadmill 
apparatus to be built from conveyor belt parts. Farley and Gonzalez [1996] used 
Kram's design to detennine the relative changes in leg stiffness and stride frequency 
when human running at 2.5m/s. 
Others have tried using existing treadmills and placing them on force measurement 
devices. Ohmichi and Miyashita, [ 199 1] placed a force platform under each comer of 
a Woodway treadmill in order to study the resultant force applied to the centre of 
gravity as well as its velocity and displacement when walking at 1.1 M/s. The addition 
of extra mass to the force plate reduced the natural frequency of the system and also 
created problems of motor vibrations (noise) interfering with the signals obtained 
from the force plates. Analogue filters removed some of the motor vibrations from 
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the force data, thus smoothing the peaks, while the integrated data of velocity and 
displacement were more reliable due to the high frequency attenuation only. 
A similar approach was used by Martin et aL [1988], who proposed using a single 
force platform under the entire treadmill. They made a metal fixture to transmit all 
forces on the treadmill to the force plate. This design haJ problems with the high 
mass of the treadmill, thus eliminating the ability to measure high frequencies (e. g 
greater than 30Hz). Also, questionable issues of stiffness and/or force transmission 
from the bed of the treadmill to the force platform, as well as, noise from the motor 
drive degrading the force signals can be raised. 
Davis and Cavanagh [1993] mounted a commercial force platform beneath a 
treadmill belt. They mounted the force platform independently in concrete, 
eliminating the portability. For running studies, this option is an attractive one since 
there is a flight period between successive foot strike events and, hence, the 
measured forces are representative of the loads under a single foot. However, during 
walking the situation is more complex since approximately 20-25% of the time is 
spent in double support and the measured force is a summation of forces under the 
left and right feet. To address this issue, they proposed an algorithm for decomposing 
superimposed GRF data into individual left and right profiles. It is based on an 
examination of the side-to-side oscillations of the measured location of the centre of 
force (CoF). Whenever the measured CoF exceeds a certain threshold, it is assumed 
that a single limb is supporting the person and the measured GRF data reflect the 
forces under that limb. Conversely, when the measured CoF indicates that both feet 
are on the treadmill, it is assumed that the location of the individual CoF is under 
each foot during the double support phase. These quantities reflect the greatest 
excursion of the measured CoF towards the left and right sides of the force plate, 
respectively. With this assumption, individual GRF profiles can be calculated by 
means of solving two simultaneous equations - one describing the equilibrium of 
forces in the vertical direction and one describing the equilibrium of moments about 
an anteroposterior axis of the force plate. The algorithm produces estimates for 
average vertical force, impulse, vertical peak force and stance time that are typically 
within 3% of the true values. 
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Dingwell and Davis [1996] performed a rehabilitation walking study using a 
combined treadmill/force plate device and computer software, which was designed 
and developed for continuously quantifying information related to gait symmetry and 
displaying visual feedback of that information on a computer monitor placed in front 
of the subject. This research used a device modified from a commercial treadmill, 
whose frame was rigidly bolted and fixed with an epoxy cement directly to the 
concrete foundation of the building and two commercial force plates. The force 
plates were bolted to an aluminium slab to provide a total walking surface over the 
force plates of 0.46m by 1.02m. The aluminium slab and the force plates were bolted 
to two aluminium rails that were bolted and cemented to the foundation of the 
building such that the top surface of the force plates was directly underneath the 
treadmill belt. The separate but rigid force plate mounting minimised the added mass 
and maximised the stiffness of the system, thereby, improving the natural frequency 
response of the force plates while minimising vibrational interference. The errors in 
force output were within ±3%. 
A commercial treadmill (Gaitway) is available from Kistler Instrument Corporation - 
Swiss [Fuglewicz and Klavoon, 1994]. In making this system, Kistler stiffened an 
existing treadmill and mounted two force plates under the belt, allowing vertical 
ground reaction forces (VGRF) to be measured and enabling individual foot loading 
to be separated. Even with these steps, vibration problems are still apparent in the 
force readings. The device is also able to calculate the centre of pressure accurate to 
approximately ±5mm. 
Fewster and Smith [ 1995] instrumented a treadmill capable of measuring VGRF and 
anteroposterior centre of Pressure (COP). An existing treadmill was modified, the 
motor unit was disconnected from the treadmill bed and vibrationally isolated, the 
bed was set on six rigid supports with uniaxial piezoelectric transducers at each point 
of loading and three rigid supports were used below the bed. Alignment pins 
prevented the bed from moving in the horizontal plane. From running data collected 
at 2.78m/s, the force transducer signal provided good stability during impacts and 
low vibration of the motor resulting in minimal noise (± 8N during the flight phase). 
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The resulting signal to drift ratio between vibrational noise and VGRF was 
approximately 50: 1, and the calculation of COP was improved by filtering the raw 
signals beforehand. 
Johnson et al. [1993] described a similar treadmill/vertical force transducer 
combination. The purpose of this approach was to provide information about the 
impact load-reducing feature on the treadmill device. Using a commercial treadmill 
with an impact-loading-reducing feature, and four strain gauge-based load cells 
(designed to support the four comers of the treadmill) they measured VGRF data 
from distance runners. The treadmill was mounted in a transducer mounting plate, 
which was designed to allocate two load cells, one at each end, on each plate. Lateral 
stability was achieved by using plate-to treadmill alignment pins and incorporating 
two aluminium cross braces. Apparently the treadmill itself, designed to absorb 
shock while running, was flexing with each heel strike. The resonance resulted in 
forces approximately one body-weight higher than expected, even when the 
sinusoidal flexing of the treadmill was subtracted. The two rear load cells registered 
a significant noise (60Hz and higher) due to the treadmill motor mounted on this 
position. To eliminate the noise a capacitor was used cutting off the frequency at 50 
Hz. The uncertainty due to the load cell measurements in the mean voltage was 
approximately 1.8%. The results showed that the average VGRF increased up to 
3.6% when the damping feature was enabled. 
Jansen et aL [1978,1982,1988] developed an instrumented treadmill that is able to 
register the GRF continuously and for each foot separately. The device consists of 
two parallel conveyor bands providing a walking area 2. Om long and 0.6m wide. The 
bands are mounted on a frame suspended in a transducer pillars. Each side of the 
conveyor is equipped with seven strain gauged based transducers. All 
transducers are mounted kinematically in order to avoid measurements of shear 
forces. The deviation from the linear reading was within the range of -2.7 to 3.2%. 
The crosstalk between horizontal load and vertical direction was negligible. On the 
other hand, when vertical loads were applied, the crosstalks on the horizontal 
directions were up to 13%. The resonance frequency was 21Hz, due to the size of the 
instrument and, therefore, the signals were low-pass filtered at 12Hz. 
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Mainka and Boenick [1993] integrated two Kistler force platforms beneath a 
treadmill belt to continuously capture GRF data and developed analysis software, 
which removes noise, especially the influence of friction, from the raw data set. 
Thereby, the GRF, which is originally caused by the patient while walking, was 
reconstructed. The horizontal forces (anteroposterior direction - AP) due to the foot 
contact were evaluated. Using a special belt design, which does not allow the 
transversal movements, the medio-lateral (ML) forces were measured directly from 
the force plate outputs. The force measurements errors were less than 1% FSD (i. e. 
ION or 20N) for the vertical direction; 2% FSD (i. e. ION) for the ML direction and 
3% FSD (i. e. 15N) for the AP direction. Even though the results seemed reasonable, 
they were stated to be from preliminary tests and more measurements still were to be 
done to confirm such performance. 
While the present project has been in progress, a treadmill for measurement of 3D 
GRF while walking has become commercially available from Tecmachine Societe 
Anonyme - France [Belli et aL, 1995]. The GRF is measured during treadmill 
walking by means of a specially designed treadmill frame mounted on crystal 
transducers, using the principle that the forces produced by the subject's feet were 
mechanically isolated from the entire treadmill. It means that the forces due to 
treadmill movements and components are considered as internal forces. The belt and 
motor were tightly mounted on a single metal frame which was fixed to the ground 
through two 3D crystal transducers. The treadmill is formed from two symmetrical 
parts separated by a 7mm gap, allowing left and right leg measurement for double 
support phase of walking. The speed range was 0.55 to 2.78 M/s; the linearity of 
measurements was found to be 0.1% (vertical) and 0.5% (horizontal). The approach 
of two belts may be good for walking symmetry analysis, but considering patients 
with gait pathology and runners this design has a potential problem concerning the 
crossover. Additional disadvantages of this system are the location of CoP and the 
very low natural frequency response due to high mass of the entire system. The force 
measurement approach of this system gives good results (±I% error), but care is 
needed on the transducer mountings and the treadmill frame design, in order to 
achieve an accurate mechanically isolated system. 
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3. EQUIPMENT DEVELOPMENT 
This chapter describes the development of a ground reaction force-measuring 
treadmill to be used as a tool for the analysis of prosthetic limbs during amputee 
running. Its specification was drawn from considerations in the treadmill's 
application requirements, the input from the experienced researchers in the field, and 
literature review. The specification of the system as a whole will be examined first, 
followed by the conceptual design stage and choice of the preferred solution. Based 
on this, the detailed designs of each sub-system and their implementation are then 
described. 
3.1. DEVELOPMENT OF EQUIPMENT SPECIFICATION 
As has been previously suggested, equipment that measures GRF and calculates 
derived running parameters (e. g. symmetry indices, stride length and stride time) 
during amputee running was necessary in this study. This recognition defined the 
initial design requirements of such equipment, which are highlighted in the following 
paragraphs. 
Since the variables to be measured (Section 2.2.1 ) are velocity sensitive and results 
need to be compared for different prosthetic limb settings, it was crucial to control 
the running velocity. This criterion would be achieved by using equipment that 
allows constant and known speeds to be set. 
The measurement force range of the system was defined assuming the GRF figures 
mentioned in Section 2.2. Given a body weight of I. OkN, these figures indicated a 
measuring range of up to 3kN for the vertical direction and a maximum of ±0.5kN 
for the horizontal directions, measured with an accuracy of ±3% and a maximum 
crosstalk of ±5% from the horizontal directions. The accuracy requirements were 
based on previous studies by Bates et al. [1983] and Giakas and Baltzopoulos [1997], 
that have shown an intra-subject variability up to ±5% among GRF foot-strikes. 
Although not required for this study, it was agreed that the measurement of 
41 
3. EQUIPMENT DEVELOPMENT 
horizontal forces would be investigated in order to expand the gait information 
available from the equipment. The error in force application point (AP and ML CoP) 
was specified to be up to ±3.5 %. Assuming an average stride length of 2.1 rn (running 
at 3.3m/s), this would give an error of about 74mm, considered acceptable for 
running studies where stride length variability can go up to ±5.8% [Cavanagh and 
Kram, 1989]. Despite not being necessary for the present study was agreed to record 
ML CoP for future use. 
Although distance running speeds may be said to range from 2.5m/s to 6m/s, the 
present study has focused on velocities up to 3.3m/s, measured with an accuracy ol 
±2.5%. This selection was made mainly because most recreational runners can run 
up to this speed, as previously mentioned in Table 2.1 and therefore the results from 
this study have the best chance of having some practical as well as theoretical value. 
The stride length can be calculated from stride time and speed, assuming less than 
±1% error on the time measurement along with ±2.5% from the speed measurement, 
the stride length calculation would still be within an acceptable error range. 
The natural frequency of vibration of a force measurement system has to be 
sufficiently high so as not to overlap any significant frequency components in the 
ground reaction force of a foot contact, as the resulting resonance would obscure the 
forces being measured. In agreement with studies earlier referred to in Section 2.2, 
the equipment fundamental frequency must be greater than I OOHz. 
The overall dimensions of the equipment should not interfere with normal standing, 
walking or running of an average person, i. e. bodyweight of 790N and height of 
1.78m. An estimation of the equipment length and width was not strictly defined 
because following some discussion with experts in the field there was no specific 
agreement on these parameters. 
Other requirements for the device were that it must be able to accommodate a person 
comfortably standing and running, without being stressed by the equipment. It must 
operate at fixed and continually variable speeds, which must be displayed to the 
researcher for monitoring; additionally the measured data (gait information) should 
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be suitable for processing and be graphically displayed to the researcher. Because of 
the split site of the Biomedical Group, it was required that the equipment should have 
the ability to be readily relocated. 
3.2. CONCEPTUAL DESIGN 
In this stage of the research, the following steps were undertaken: 
- market search of commercial equipment and existing research designs for 
possible adaptation; 
- discussions with people who have been working with gait analysis and 
instrumentation; 
pilot tests considering light running Oogging) in the existing gait laboratory; 
video recording of a subject walking and running on a treadmill; 
creative thinking session ("brainstorming"); 
evaluation of the ideas and choice of the preferred solutions; 
detail design, prototype build and test. 
In the generation of ideas, the problem was addressed in two ways: (a) How to 
enable the movement (running)? and (b) How to instrument the device? 
When answering the first question, there are only two possibilities: the conventional 
way of running (as an extension of walking) moving along the running surface; or 
running "on the spot" with a moving surface under the feet. The second question is 
therefore restricted to these two options, whether the runner or the "ground" are 
instrumented. 
Various abstract concept designs were considered including very long force platform, 
instrumented matt, large diameter horizontal instrumented rotating disc and 
instrumented treadmill. 
The design ideas were then limited to the physical laboratory space available for 
measurements (runway length - see Section 2.2), data-collection time together with 
multiple successive foot contacts, and constant and known running speed. It was 
decided that an instrumented treadmill would be the most suitable option for 
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conducting the study. The subject runs in one place, the speed is constant and can be 
continuously adjusted and monitored. To collect data of many gait cycles the 
treadmill is more convenient than a walkway. Furthermore, kinematic and kinetic 
registration devices can easily be used. 
Once the choice of an instrumented-treadmill was made some additional specific 
requirements were recommended: 
- the velocity control should be independent to the computer; 
- in case of power failure the device must have a safety deceleration; 
- an emergency stop device, accessible by the researcher and the subject. 
The market search for commercial treadmills showed a range of equipment, varying 
from non-motorised to motorised ones (speed range from 0 to 6.9m/s); with overall 
dimensions varying between 1.8 to 2.5m long and 0.80 to 0.98m wide; a 
walking/running area from 1.29 x 0.44m to 1.70 x 0.5 lm and weighing from 183 to 
230kg. The price range was from f 650 to f, 5350. The main problem when 
considering an ordinary commercial treadmill is the compactness of such equipment, 
which make it difficult for adaptations and/or modifications. 
Kistler Instruments Limited supply the GaitwayTM Instrumented Treadmill System, 
which is a commercially manufactured treadmill with a built-in measuring system for 
the vertical component of the GRF measurement only. The system has the ability to 
measure and distinguish consecutive foot strikes during walking (as mentioned in 
Section 2.2.1). It uses two piezoelectric force platforms mounted in tandem position, 
the belt speed ranges from 0.2 to 5.5m/s and costs f34850. They also supply 
dedicated data acquisition and processing software with an additional cost charged. 
Tecmachine Societe Anonyme-Medical Developpernent manufactures ADAL 31), a 
dynamometric treadmill for continuous dynamic measurement and recording of the 
three components of the GRF while walking. The system is based on four triaxial 
piezoelectric transducers with suitable charge amplifiers and it is specially devoted to 
measuring multiple walking steps only (due to the two-belt design, with a gap of 
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-rmm. between them). It operates at speeds up to 2.7m/s and costs f44300. 
Additionally ADISOFT software is supplied for gait analysis evaluation. 
A conventional treadmill was available at the University (Figure 3.1), and 
preliminary inspection indicated that many requirements could be achieved using 
that. It was considered that a cost-effective solution could be achieved by modifying 
this treadmill. 
Figure 3.1: Picture of the original treadmill [P. K. Morgan Ltd. ]. 
The original specifications of the P. K. Morgan treadmill were: 
- Overall dimensions: Length = 2.60m; Width = 0.80m; Height = 1.34m (including 
hand rails) 
- Rollers-Bed: operational area (Length = 1.25m; Width = 0.50m); 40 rollers 
(0.50m long; 0.03m diameter; rubber covered; gapped by 4mm) 
- Rubber fabric belt: Length = 4.20m; Width = 0.44m; Thickness = 0.01m 
- Ceiling height (minimum recommended): 2.60m 
Speed range: 0 to 18km/h 
Speed accuracy: ± 3% 
Incline: 0 to 15' 
- Motor: 2HP; DC Shunt; IOA; 300ORPM; 220V; 50Hz 
Weight: 250kg 
Console display: Speed (km/h) and Incline (degrees) 
Console overall dimensions: Height = 0.97m; Width = 0.52m; Depth = 0.53m 
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The modifications, which were carried out on the treadmill, were as follow : 
- change the belt, replacing with Rubber Matt belt 2mm thick; aiming to improve 
the running surface and allowing a more stable and 'overground alike' run. This 
would also minimise the treadmill bed-belt friction; 
- change the motor position, from under the treadmill bed to floor mounted on the 
back of the treadmill main frame, in order to minimise the vibration 
transmissions, and give clearance to the measuring system assembly; 
- insert a new treadmill bed, basically consisting of the force measurement system. 
The whole system was divided into three subsystems: 1) Measuring system - 
Treadmill bed; 2) Driving system; 3) Main support frame. The following sections 
describe the important aspects of each subsystem. Figure 3.2 illustrates a schematic 
diagram of the subsystems. 
0 Driving system 
0 Main support frame 
0 Measuring system 
(0 Load cells) 
El 
Figure 3.2: Schematic diagram of the subsystems. 
3.3. DETAILED DESIGN 
3.3.1. Force Measuring System 
The treadmill bed should simulate a flat nmning surface and be able to measure the 
GRF without interfering in the subject's running process itself In order to achieve 
that, the basic idea of force platform system was introduced. Essentially consisting of 
a flat rigid rectangular upper plate on which the foot rests, and this plate is supported 
by a base-frame with interposed force transducers capable of detecting the exchanged 
loads [Gola, 19801. 
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The GRF range for the three orthogonal directions for running conditions has been 
outlined previously (Section 2.2. ), as a result of that the measuring range was 
specified as 3. OkN (vertically) and 0.5kN (laterally). However, these measurements 
(where stated) were made with shoes: barefoot gait typically produces greater loads 
because the shoes absorb some of the impact of the foot contact. The overload 
protection range was therefore specified 3.6kN and 0.6kN, respectively. 
In order to suggest a platform length (treadmill bed) some observations of people 
running on treadmill were made, it was concluded that one step length would be a 
reasonable starting point, as people tended not to deviate greatly from a fixed point 
during treadmill running. From Table 2.1 this would correspond to a length of 
approximately 1.2m (1/2 stride). The minimum platform width was based on the 
walking base (side-to-side distance between the line of two feet) presented in a 
review of clinical sessions [Hynd, 1998], which is 0.4m, although for running this 
base is narrowed down. A guideline working limit for the depth of the force 
measuring system was set at 280mm.; which represented the maximum height to 
which the treadmill frame surrounding the force measuring system had available. 
The force measuring system combined four main components: top plate, force 
transducers, instrumentation and support frame. From a design standpoint it is 
necessary that the top plate be as light as possible and that its supporting elements be 
as stiff as possible. So that the natural frequency of the plate would be sufficiently 
high, and so that the measurements performed by the transducers follow as closely as 
possible the pattern of the load. To satisfy these requirements an Aluminium 
Honeycomb panel (top plate) and a Universal beam frame (supporting element) were 
suggested. The main components of the measuring system shall be examined in the 
following sections. 
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3.3.1.1. Force Platfonn and Load Cells Design 
A crucial factor in the design of an instrument for measurement of gait forces is the 
natural frequency of vibration of the device. Due to the complexity of calculating the 
resonant frequency of even a simple structure, it was decided to use Finite Element 
Analysis (FEA) as a tool in the design of the measuring system. FEA would also 
allow the deflection under load and buckling of the force platform structures to be 
evaluated. 
Two approaches were taken: the configuration refinements of the chosen design 
(specially the frequency response) and the optimisation of the load cells position in 
order to increase the measuring area allowable. The work was done using ANSYS 
5.3. Firstly, the modal, displacement and stress response of simple models, for both 
analytical and numerical results were assessed [Steele, 1989; Astley, 1992; Allen, 
1969] and found to be between the reported values, thereby capable of modelling the 
system. 
The ANSYS programme does not contain any elements specially designed to model 
honeycomb core structures and one had to be developed and verified before the force 
platform modelling could be undertaken. A three-layer, eight-node orthotropic 
structural shell element (Shell9l) was chosen, the first and third layers representing 
the aluminium faces of the panel and the second layer representing the aluminium 
honeycomb core (see material properties Table 3.1). In order to test the shell 
element's ability to model accurately the sandwich panel, a single plate test 
configuration was constructed in ANSYS as shown in Figure 3.3, and that gave very 
similar results as the literature [Allen, 1969]. A quick survey of Aluminium 
Honeycomb suppliers revealed that the standard panels size available were 
2.44x 1.22m, with three different overall thickness (I 3.9mm, 26.6mm. and 52mm) and 
they could be cut down if necessary. A single plate of 1.22m length and 0.5m width 
was therefore selected. The width was based on the space available within the 
treadmill frame, leaving a gap of 5mm either side to facilitate the mounting process. 
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Table 3.1: Aluminium Panel material properties. 
Skin Type Aluminium Alloy NS4 H6 
Skin thickness Imm 
Skin Young's Modulus (E) 6.90 x 10 '0 N/ýý 
Skin Density (p) 2.70 x 103 kg/m3-- 
Poisson's coefficient (v) 0.333 
Yield strength (a ,) 2.80 x 10 
8 
Bending stiffness 1.09 x IO'Nm2/m 
Core type 6.35mm cell size 
Core thickness 52mm 
Core Density 83 k g/M3 
Core Shear Modulus (Gxy) 2.95 x 10 8 N/m2 
Core Shear Modulus (Gyz) 4.40 x 10 8 N/iýýý 
Figure 3.3: Single plate model of honeycomb sandwich-equivalent element. 
Because the version of ANSYS used was a student version with a limited wavefront 
of 500,, the aluminium. panel itself was not modelled accurately and so a new single- 
layer model had to be devised. Both bending and tensile stiffness were considered to 
give an equivalent modulus of elasticity and thickness: 
Bending stiffness: 
SB -": 
E, 
(3.1) 
12 
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Tensile stiffness: = E, - t, =2- 
EA, - ts ST 
ST 
E, 
where: E, = Modulus of elasticity of equivalent material; 
t, = thickness of equivalent material; 
EAI = Modules of elasticity of aluminium; 
ts --thickness of sandwich panel skins. 
z (2. EA, - ts 
Subs (3.2) into (3.1) E, = 12-SB 
2.69.109 -1- 10-' 
12.1.09 - 10' 
E, = 1.47-. 109 N/ m' 
And from (3.2) te --": 
2-69-10' _1 . 10-3 
1.42-109 
te --": 9-7 ' 10-" 
(3.2) 
It was also necessary, for the modal analysis, to calculate the density of the 
equivalent material: 
p6 - tý = (pAl .2- ts) + (pc - tc) 
where: p, = density of equivalent material 
pAj = density of aluminiurn 
pc = density of honeycomb core 
tc = thickness of honeycomb core 
(3.3) 
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(2.7 - 10' -2- 1- 10-') + (83.52 - 10-') 
Pe - 9.7.10-7- 
P, = 99.96kglm' 
It was necessary to verify that the calculated material properties would give 
equivalent behaviour. This was tested using a four-node orthotropic shell element 
(She1163) and the outcomes compared (static and dynamic results - strain, stress, 
displacement, mass, natural frequencies and vibration modes) with those for the 
three-layer element model. A single plate model as described in Figure 3.3 was used 
[ANSYS User's Manual, 1992]. 
The deflection under load, stresses, strain and modal analysis of the model using the 
two element types showed a very close correlation, with a difference of less than 1% 
between the values. It was concluded that these single-layer element material 
properties would allow a good approximation of the real structure. In order to create 
a full model of the measuring system, the load cells were then modelled. 
(a) Load cells design 
The load cells were intended to measure the GRF of running in three orthogonal 
directions: vertical (z), anterior-posterior (y), and medio-lateral (x). The measuring 
force range for the transducers was identical to the one specified for the force 
platform, allowing for the possibility of a subject stepping on top of the transducer. 
The frequency response of the transducers should be greater than that of the force 
platform. The commercial strain gauge transducers have a frequency response greater 
than 30011z, an arbitrary frequency response specification of 30OHz would be 
considerably greater than the likely frequency response of the force platform and 
easily achievable by strain gauge transducers. Piezoelectric transducers would have a 
considerably higher frequency response. 
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There are mainly two practicable types of load measurement device suitable for 
dynamic loading: elastic deformation devices and piezoelectric devices. The 
principal elastic deformation device is the electrical resistance strain gauge. Neither 
strain gauge or piezoelectric transducers measure force directly; rather they measure 
strain, from which, with a suitable calibration, the force causing the strain can be 
inferred. Strain gauges require a supply voltage and return a voltage output; 
piezoelectric devices do not require a supply, but they do require a charge amplifier. 
In addition, piezoelectric devices can only measure dynamic loads; static load 
measurements are at best pseudo-static, but their time-constant can be sufficiently 
high for the purposes of gait laboratory measurements. Most commercial force 
platforms use either strain gauge or piezoelectric transducers. The strain gauge is 
extremely cheap and relatively simple to use and there is much published 
information on its application. The associated instrumentation can also be cheap and 
they are the natural choice for in-house transducer design. Piezoelectric transducers 
are accurate and robust with very high natural frequency, but both the transducers 
and their instrumentation tend to be more expensive than their strain gauge 
counterparts and it is not practicable to design such devices in-house. 
In order to measure three-dimensional force the strain ring has proven to be a useful 
device. Strain rings provide a high ratio of sensitivity to stiffness at the same time as 
having adequate stability against buckling. The fact that the inside is always in an 
opposite state of strain from the outside allows four active anns to be effectively 
used in a bridge circuit. The symmetry of a ring provides parallel paths for heat flow 
and hence it is to be expected that equivalent points on opposite sides of the ring will 
be at the same temperature. This enables drift due to temperature gradient in the 
proximity of the transducer to be eliminated by connecting the gauges to form a 
complete bridge circuit [Dally and Riley, 1993]. 
A metal ring is fixed at the bottom while a vertical force (Fz) and a horizontal force 
(Fy) are applied at the top as shown in Figure 3.4a. When only Fz is applied, the ring 
will deform as in Figure 3-4b and some strain will be experienced on the inside and 
outside surfaces of the ring at points A while the strain at point B is zero. When only 
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Fy is applied (Figure 3.4c) the strain at A is zero while there is some strain at B. 
[Dally and Riley, 1978] 
Fz 
Fy 
B 
-A 
Fz 
A- ---T 
(b) 
Fy 
Figure 3.4: Schematic strain ring showing the type of deformation due to vertical 
(Fz) and horizontal (Fy) loads. 
By placing strain gauges on the inside and outside surfaces of the ring at points A 
and B,, it is possible to separate and measure the Fz and Fy components of force. 
Only force component Fz will cause a change in resistance in the gauges at A with no 
change in resistance (or strain) at B. Consequently, if the inner and outer gauges at A 
are mounted on the opposite arms of a Wheaststone bridge circuit we have a 
sensitive means for detecting changes in Fz. In a similar way the gauges at B are only 
sensitive to change in Fy. 
By making the outside surface of the ring octagonal instead of circular, the strain 
gauges attachment points and ring fixation mounting can be easily facilitated and 
good results can be obtained [Bagesteiro et al., 1998]. 
The possibility of designing such transducers in-house was examined, mainly on a 
past-experience basis [Bagesteiro and Tamagna, 1998]. Reliable fabrication of 
biaxial strain gauge transducers is easily attained when the bonding expertise and 
machining accuracy required are available. As these requirements could be achieved 
and also taking into account the cost this route was taken. 
The octagonal load cells were designed using Finite Element Analysis (FEA) to 
define the overall height, thickness, central hole diameter and material. As mentioned 
before the author had previous experience on designing this type of transducer, 
making the selection and refinement process easier. Using ANSYS 5.3, the 
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numerical analysis (FEA) of the load cell was realised. This was to obtain the static 
strain level with simultaneous loading in horizontal and vertical directions. The load 
cells were made of Stainless Steel 304 whose properties are given in Table 3.2 [Beer 
and Johnston, 198 1 ]. 
Table 3.2: Load cells material properties - Stainless Steel 304 
Young's modulus of elasticity (E) 2.10xlO"N/M 
2 
Poisson's coefficient (v) 0.3 
Density (p) 7.85 x 10 3 kg/m 
3 
Yield strength (G e 2.8 x 10 
8 N/M2 
The load cell was modelled using the three-dimensional solid structural element 
(Solid45), defmed by eight nodes having three degrees of freedom at each node: 
translations in the nodal x, y, and z directions [ANSYS User's Manual for Revision 
5.0, Vol. III and IV, 1992]. The five top nodes of the solid model were constrained to 
allow no translations simulating the load cell mounting fixation. Unitary loading at 
the five bottom nodes was used in each orthogonal direction in order to verify the 
maximum stresses. The mesh and boundary conditions are illustrated in Figure 3.5. 
Figure 3.5: Three-dimensional finite element solid model; loads(F) and constrains(U) 
positions. 
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AIN load was applied to the model in each orthogonal direction. Considering each 
direction separately the FEA indicated a three-dimensional stress distribution as 
shown in Figure 3.6. 
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Figure 3.6: Three-dimensional global model, maximum equivalent stress (Von Mises 
- N/mm 
2) distribution with a unitary loading. (a) shear force: Fx; (b) shear force: Fy, 
(c) vertical force: Fz. 
From the FEA stresses and strains analyses combined, it was possible to refme the 
load cell dimensions to meet the specifications previously outlined, i. e. a maximum 
force value of 360ON for the vertical direction (z) and 60ON for the horizontal 
directions (x and y). Figure 3.7 shows schematically the load cell fmal dimensions 
(see Appendix B for detail drawings). Moreover the stiffness was determined in the 
radial (Kx), tangential (Ky) and (Kz) axial directions (Table 3.3). 
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Table 3.3: Stiffness of the load cells (N/m) 
Kx Ky Kz 
8.55 X 106 10.50 X 106 505.05 X 106 
The dynamic analysis of the load cell included the modal analysis of the model to 
identify the natural frequencies and the mode shapes. From the FEA, the predicted 
natural frequency of vibration of the load cell was in the 1422 to 17841-1z band. The 
modes of vibration were found to be translations in the x and y directions as shown in 
Figure 3.8. 
PtlSYS 5.3 
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Figure 3.8: Vibration of the load cell, mesh and first two eigenmodes. (a) mode 1: 
fl=1422Hz; (b) mode 2: f2=1784Hz. 
56 
Figure 3.7: Load cell dimensions. 
3. EQUIPMENT DEVELOPMENT 
Once the load cell design was determined, the design work was continued by 
modelling the entire measuring system. To achieve the desired height, i. e. having the 
measuring system on level with the treadmill belt path avoiding erroneous force 
measurements caused by it, a universal beam frame was implemented. 
(b) Force plaffiorm design (0) 
A model for the measuring system was created. Initially, the model used two element 
types: She1163, a four node shell element to model the Aluminium Honeycomb panel 
and the Universal beams (see material properties Table 3.4); and Solid45, an eight 
node 3D structural solid element to model the load cells. 
Table 3.4: Universal beams material properties - Steel BS EN10 025: FE430A. 
Young's modulus of elasticity (E) 1.90 x 10 11 N/m2 
Poisson's coefficient (v) 0.3 
Density (p) 7.80 x 10 3 kg/m 
Yield strength ((7 e 
3.40 x 10 8 N/m 2 
The force platform model showing the mesh and elements type are illustrated in 
Figure 3.9. Loads of IN, 0.5N and OAN were applied to the model in each 
orthogonal direction, Fz, Fy and Fx, respectively (Figure 3.10). Six nodes at the 
centre of the screw positions of each Universal beam were constrained to allow no 
translations so simulating the bolt of the beam to the frame (Figure 3.10). 
A preliminary modal analysis of the system was done. The first vibration mode was 
shown to be the Universal beams themselves with a very low natural frequency. 
Several stiffening pieces were added to the model to increase the stiffness of the 
system and different configurations were tried, e. g. two rectangular plates attached to 
.t the Universal beam webs at both end; five bars (rectangular section) attached straight 
through the Universal beams; four bars crossing along the length of the Universal 
beams, attached to each web edge. 
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Figure 3.9: Three-dimensional finite element model of the force platform. 
From the alternate designs considered)the acceptable solution (i. e. highest frequency 
response) was shown to be six cross bars (steel rectangular section) placed into the 
model as shown in Figure 3.10. The cross bars were modelled using a two node 3D 
elastic beam element (Beam4). 
Figure 3.10: Load (F) and Constrain (U) positions applied to the model. 
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The FEA indicated a displacement and a three-dimensional stress distribution under 
the three force components combined as shown in Figure 3.11. The maximum value 
of force (safe overload range) for each direction was 5kN (Fz) and IkN (Fy and Fx) 
considering a design factor of 1.4. A deflection of 0.53mm was calculated at the load 
point of application at full load. 
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Figure 3.11: Three-dimensional global model, deflection (mm) and maximum 
equivalent stress (Von Mises - N/mm 
2) distribution with Fz=IN, Fy=0.5N and 
Fx=O. IN forces applied. 
With suitable densities for the material properties of the three element types entered, 
a modal analysis of the model was solved. The predicted natural frequency of 
vibration of the force platform was in the 275 to 331 Hz band. The modes of vibration 
were found to be vertical vibration and translation in the x direction as shown in 
Figure 3.12. The predicted total mass of the system was 42kg, distributed as follows: 
Aluminium Panel = 6.7kg, Load cells = 1.3kg, Universal beams = 27kg, Cross bars = 
7kg. 
The design aimed to maximise the natural frequency of the measuring system whilst 
maximising the area of platform inside the rectangle formed by the load cells. In a 
compromise between these two factors the acceptable measuring area (central 
portion of the plate enclosed by the centres of each transducer) allowable was 
800mm long (y direction) by 400mm wide (x direction). The fmal design of the 
measuring system is show in Figure 3.13. 
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(a) 
b) 
Figure 3.12: Vibration of the force platform and first two eigenmodes. (a) mode 1: 
fl=275Hz; (b) mode 2: f2=331Hz. 
main dimensions). 
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3.3.1.2. Fabrication 
('a-)' Load cells 
The technicians of the Mechanical Engineering Workshop at the University of Surrey 
fabricated the load cells (Figure 3.14). The author carried out the bonding, wiring 
and coating of the strain gauges. Complementary to the load cells is the requirement 
to mount them rigidly and at a given point in space. When installed the measuring 
system should be level with the treadmill belt path. The load cell mountings (Figure 
3.14) were designed aiming to place the load cells between the Aluminium 
Honeycomb plate and the Universal beam frame and to enable each load cell to be 
easily removed if necessary (e. g. to replace a strain gauge). Drawings of the load cell 
mountings are in Appendix B. 
Figure 3.14: Fabricated octagonal load cell and mountings. 
The octagonal load cell had a set of strain gauges attached that measures two 
uncoupled forces in orthogonal directions (vertical and horizontal). Eight strain 
gauges designed for steel (see Table 3.5) were connected into two full Wheatstone 
bridge circuits. 
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Table 3.5: Strain Gauge Technical Specifications. 
Gauge length Gauge width Gauge resistance Gauge factor Temp. range 
5 mm 1.8 mm 120R ± 0.5% 2.1 -3 O'C to +I 80'C 
The four active arm bridge is able to compensate for any change in resistance due to 
temperature providing all gauges experience the same temperature change, which 
they would. The measurement sensitivity is increased fourfold when two gauges are 
used in tension while the other two are used in compression. The strain gauges 
positions and bridge circuits are presented in Figure 3.15 [Hull and Davis, 1981; 
Bagesteiro, and Tamagna, 1998] and the final instrumented load cell is shown in 
Figure 3.16. 
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Figure 3.15: Strain gauges position and Wheatstone bridge circuits. 
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Figure 3.16: Instrumented octagonal load cell and mountings. 
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/L ý L-_ 
(b) P urce plaffiorm 
Four strain gauge octagonal load cells were employed in the force platform. The load 
cells were assembled between the Aluminium panel and the Universal beams 
oriented as shown in the plan view of Figure 3.17. The axes of the load cells 1 and 3 
are in the y direction while load cells 2 and 4 have their axes in the x direction. The 
force platform measures Fx with load cells 1 and 3, Fy with 2 and 4, Fz with all four 
load cells. 
0.050mi, 
l 
plan view 
0.400m 
0.104mL 
r- x 
Fy 
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0 Aluminiurn Panel 0 220400 mm) 
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0 Load cell mountings 
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Fz 
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Figure 3.17: Three-dimensional force platform utilising four octagonal load cells as 
measuring elements. 
When an arbitrarily placed vertical load (Fz) is applied it is carried by all four load 
cells, and the four vertical measuring gauges of each load cell are wired into four full 
bridge circuits in such a way that all outputs add up. A force in the x direction 
produces very little bending in load cells 2 and 4 since their axes are in the direction 
of the force. The gauges on load cells 2 and 4 are used to measure forces in the y 
direction just as those on load cells 1 and 3 are used in the x direction [Bagesteiro et 
aL, 1998]. From this concept the three orthogonal components of the GRF and the 
application point (CoP) coordinates (assuming moments taken about the centre of the 
load cell I as shown in Figure 3.17) can be calculated using the following equations: 
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Fz v -( 1) + 
(v2) + (VO + (VO 
Fy = (H2)-(H4) 
Fx = (H3) - (HI) 
X=0.050+( 
((V2 + V3) . 0.400) - (Fx - 0.104) 
(F7) 
Y= 0.210+( 
((V4 + V3) - 0.800) - (Fy . 0.104) ) 
(Fz ) 
where: Fz is the force in the z direction (vertical); 
Fy is the force in the y direction (antero-posterior - AP); 
Fx is the force in the x direction (medio-lateral - ML); 
Vi is the vertical voltage output from the load cell; 
Hi is the horizontal voltage output from the load cell; 
X is the force position at x direction; 
Y is the force position at y direction. 
(3.4) 
(3.5) 
(3.6) 
(3.7) 
(3.8) 
Technical Resin Bonders Ltd., Cambridgeshire, manufactured the Aluminium 
honeycomb panel (see Appendix E), which was originally 2440xI220mrn size and 
was cut down to 1220x5OOmm for this application. The universal beam frame was 
made by the technicians of the Mechanical Engineering Workshop at the University 
of Surrey. 
3.3.1.3. Instrumentation and Data Acquisition 
(a) Amplifiers 
The change in resistance of the strain gauge can be utilised to measure strain 
accurately when connected to an appropriate measuring and indicating circuit e. g. 
Strain Gauge Amplifier [Holman, 1989]. The strain gauge transducers require a very 
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stable supply voltage (excitation voltage). They output a very small voltage, 
generally of the order of 0.2 to 2. OmV/SUPPIY volt (mV/V) at full load. The output 
voltage is usually amplified to give a voltage range suitable for conventional 
measurement or acquisition techniques (e. g. data acquisition card with an input range 
of 0-5V,, ±5V! o ±IOV). 
The instrumentation was to be mains powered and for four biaxial load cells, i. e. a 
total of eight channels. The amplifiers were to have a pass band gain such that the 
output was suitable for data acquisition card, i. e. ±5V for the working range of the 
load cells. 
The strain gauge amplifiers were developed using a linear DC amplifier in a 24-pin 
DIL package (RS Components - RS 846-171) specifically configured for resistive 
bridge measurement. This strain gauge amplifier overcomes the problem of common 
mode rejection by removing the common mode voltages. This is achieved by 
controlling the negative bridge supply voltage in such a manner that the voltage at 
the negative input terminal is always zero. Thus for a symmetrical bridge, a negative 
bridge supply is generated equally and opposite to the positive bridge supply, hence 
zero common mode voltage [Holman, 1989]. 
Eight printed circuit boards (RS 435-692) were used to assemble eight strain gauge 
amplifiers and associated components, making the specifications of the amplifiers as 
set out in Table 3.6. The strain gauge amplifier circuit diagram is shown in Figure 
3.18. 
Table 3.6: Specifications of the strain gauge amplifiers. 
Supply voltage ±6V 
Supply current 40mA 
Bridge supply voltage ± 4.5V 
Bridge supply current l2mA 
Gain 3300 
Warm up time 60 min 
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Figure 3.18: Strain gauge amplifier circuit diagram. 
This strain gauge amplifier circuit possesses the following features: 
zero (offset) adjustment, to compensate the strain gauge bridge imbalance; 
bridge supply adjustment, to set the strain gauge bridge voltage; 
- adjustable gain, defined as (f 1+(RI/R2)1 - see circuit diagram) the level of which 
was determined after primary load cell output testing allowing an output range 
compatible with data acquisition card. 
In order to obtain a stable power supply (±6V) for the amplifiers an adjustable 
voltage regulator capable of supplying in excess of ±1.5A over an output range of 
±1.2V to ±37V was incorporated to the strain gauges amplifiers assembly. This 
voltage regulator compensates for fluctuation on the input voltage. Its circuit diagram 
is given in Figure 3.19. The eight strain gauge amplifiers and the voltage regulator 
were assembled in a metal case. 
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Figure 3.19: Voltage regulator circuit diagram. 
The frequency and phase response of each strain gauge amplifier were tested to 
assure that they were able to provide an accurately controlled amplification of the 
wanted signal (input voltage). A dedicated system was used to perform this test, 
consisting of a signal generator (acting as amplifier input, instead of strain gauges); 
an oscilloscope (measuring the input and output voltages); three resistors and the 
actual strain gauge amplifier. The first resistor (120R) was used to simulate the 
applied load; the second one (IOKR) provided voltage for a simulated input and the 
third one (90KR) attenuated the signal generator output voltage acting as a potential 
divider. This potential divider circuit was combined because the signal generator 
output was too high and it would saturate the strain gauge amplifier. 
The signal generator supplied a sinusoidal input to the strain gauge amplifier which 
was compared to the output on the oscilloscope. The input was applied at a range of 
frequencies between I and 250Hz nominal: the period of the input signal, its peak 
voltage (positive and negative: ±1.6mV); the peaks of the output voltage (positive 
and negative); and the phase time delay were measured. The experimental set-up for 
these tests is presented in Figure 3.20. From these, the amplification response curves 
(Figure 3.21) and phase lag curves (Figure 3.22) of each strain gauge amplifier were 
plotted across the frequency range. 
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Figure 3.20: Experimental set-up for the strain gauge amplifier frequency and phase 
tests. 
Strain Gauge Amplifiers (Frequency Response) 
100 lqiiiý 
90 
so 
70 Amp, 1 
-Amp. 2 
60 - -AMP. 3 
50- 
40- 
30 
20 
10 
0 
0 25 50 75 100 126 ISO 175 200 225 250 
Frequency (Hz) 
Figure 3.21: Frequency response of the eight Strain gauge amplifiers. 
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Figure 3.22: Phase response of the eight Strain gauge amplifiers. 
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As can be seen from the graphs, the frequency responses of the amplifiers were very 
well matched up to 40Hz, with all but two of the amplifiers slightly different at 
higher frequencies. The phase responses were less well matched up to 60Hz, with a 
wider spread at higher frequencies. The tests showe4a cut-off frequency of 
approximately 150Hz and an almost linear change of phase with frequency, which 
were considered acceptable for the application. 
((b) Data acquisition card U/ 
In order that the data from the measuring system instrumentation may be readily 
processed it must be entered into a computer. The usual method for accomplishing 
this is a Data Acquisition Card (DAC) plugged into the computer. Such a card 
contains one or more analogue to digital converters, which convert the analogue 
voltage signal into a digital value that can be manipulated further by the computer 
and stored for future reference. The two primary characteristics of a data acquisition 
card are the resolution with which conversion is carried out and the number of 
channels of data that can be acquired. 
The force application point (Col? ) is derived particularly from the vertical force 
readings at each transducer (see equations - Section 3.3.1.2). Any error in the 
measurement of the individual forces will consequently give an error in the 
calculated position of application force. One unavoidable form of error in data 
acquisition is due to the conversion of the analogue signal into a digital signal, 
known as quantisation error. The analogue signal has, effectively, infinite resolution, 
i. e. changes in the value of the analogue signal can be infinitesimally small. 
However, the digital signal to which the analogue signal is converted has a finite and 
usually quite limited resolution. 
The most common analogue-to-digital converters are 12 bit converters, i. e. the 
analogue signal can be converted into one of only 2 12 = 4096 different values. The 
resolution of the digital signal is defined by the division of the input analogue 
voltage range by 4096, which for a 0-5V input signal means that the smallest change 
in input signal which will produce a change in the digital value is 1.22mV (i. e. 
5/4096). Half gives the quantisation error, which is 0.61mV for this example. 
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Although data acquisition systems have converters of a given bit length, (e. g. 12 bit), 
system noise and other error sources combine to give the cards an effective number 
of bits (ENB) of typically II ENB for a 12 bit card. The error introduced to the 
measurement of each force by the quantisation error would not be great, but the error 
in calculation of position of applied force (derived from the individual forces) could 
be significant. For example a nominal load of 20ON applied at (250,610)mm (X, Y 
position) would give a measured force reading equivalent to the quantisation error in 
a range of 199.8 to 200.2N, though the calculated force application point would be 
(250 ± l5mm) for the X position and (610 ± 22mm) for the Y position. As can be 
seen a 12 bit card with II ENB will not meet the specification for the force 
application point (± 6% against a specification of ý: 3.5%). However if the data is 
sampled in a higher rate than required, it may be possible to average the data to get 
the necessary accuracy. 
With four biaxial load cells specified for the measuring system, a total of eight 
channels of data had to be acquired. Most 12 bit DAC support either 16 or 32 single- 
ended channels per card. It was desired to have as high a sampling rate as possible 
available from the DAC as it would allow the maximum flexibility in post- 
processing data to minimise error, particularly in the calculation of force application 
point. A sampling rate of 50kHz across all channels would give a sampling rate of 
over 6kHz per channel and if; e. g. every 10 samples were averaged. Then the 
effective sampling rate would still be 60OHz which was felt to be more than enough. 
The DAC chosen was the PC-LPM-16/PnP (National Instruments Corporation, 
USA), which is a low-cost, low-power analogue input, digital, and timing 1/0 board 
for PC. The board contains 16 self-calibrating A/D converter inputs at 12 bit 
(successive-approximation) resolution, with a maximum data acquisition rate 
(number of samples per second) of 50 kS/s. Software selectable gains of 0.5,1 and 2 
for the input signal combined with A/D converters fixed input range of ±5V, 0 to 
10Vý 0 to 5V and ±2.5V. 
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3.3.1.4. Experimental Analysis 
(a) Load cells calibration 
In order to assess the accuracy of measurement of a static force throughout the 
measurement range of the load cells and to evaluate the couple effects (crosstalk) 
between the two orthogonal directions, measurements of discrete, known loads were 
made using a universal testing machine (Instron 6025) with a scale certified to be 
accurate within 4-5kN. 
The load cells were mounted in the testing machine, and loads were applied in 
increments of O. lkN up to RN for the vertical direction and ±0.6kN for the 
horizontal direction. The loading and unloading tests were repeated three times for 
each load cell. The experimental set-up for the calibration tests is illustrated in Figure 
3.23. 
Figure 3.23: Schematic illustration of the vertical and horizontal calibration tests. 
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The vertical and horizontal calibration curves for the four load cells (Appendix A) 
show the couple effects. Figures 3.24 and 3.25 show typical vertical and horizontal 
calibration curves with the respective couple effect. 
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Figure 3.24: Typical vertical calibration curve (load cell 2). 
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Figure 3.25: Typical horizontal calibration curve (load cell 2). 
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The ascending and descending measured forces were very linear (r 2=0.9998 
vertical; r2=0.9999 horizontal; - see calibration curves - Appendix A). Both the 
ascending and descending forces were repeatable, as was the degree of hysteresis. 
The application of horizontal loads caused crosstalk to the vertical force channel. The 
results for the four load cells were similar, with a maximum value of 0.34kN (at full 
load). It was found that the crosstalk in the vertical force measurement due to the 
horizontal loads was repeatable (up to 0.02kN maximum) and consistent at different 
loads and could therefore be compensated for in the calibration software. The data in 
Table 3.7 gives the sensitivities, hysteresis and crosstalks of each load cell for both 
irections. 
Table 3.7: Load cells vertical and horizontal sensitivities, hysteresis and crosstalks. 
Sensitivity 
(pV/V/N) 
Hysteresis 
N (% maximum load) 
Crosstalk at full load 
(% load range)' 
Vertical Horizontal Vertical Horizontal Vertical Horizontal- 
Load cell 1 64.4 116.4 9(0.6) 2(l. 4) 15.9 1.0 
Load cell 2 65.7 1 14.7 3(0.1) 9(6.1) 6.9 1.7 
Load cell 3 65.5 _ 116.4 7(3.2) 1(0.4) 11.4 1.3 
Load cell 4 67.1 116.8 4(0.2) 1 (0.3) 11.5 3.8 
1 e. g. for load cell I with an applied horizontal force of 600N, crosstalk to vertical was 15.9% of AN 
(= 477N). 
It was observed that the fixation method (two capscrews M3 associated with a central 
dowel 1/4") chosen to attach the load cell on the load cell mounting was not very 
reliable, allowing a small twist of the load cell under the applied load. As a result the 
force was being applied off-axis, adding to the vertical crosstalk on the horizontal 
load. It was therefore decided that the attachment between load cell and load cell 
mountings should be improved by bonding (adhesive description - see Appendix J) 
them together as a unit, this was completed once the platform was inside the 
treadmill frame (see Section 3.3.3). 
After the individual load cell calibration each of them presented their own calibration 
coefficient, i. e. relationship between load applied (N) and output voltage (V), and the 
load applied at each direction was determined by: 
Fvj = LCvj - Vi (3.9) 
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F =LC -Hi (3.10) Hi Hi 
where: Fvj is the force in the vertical direction of the load cell (N); 
FH, is the force in the horizontal direction of the load cell (N); 
LCvj is the calibration coefficient for the vertical direction of the load 
cell (N/V); 
LCH, is the calibration coefficient for the horizontal direction of the 
load cell (NN); 
Vi is the vertical voltage output from the load cell (V); 
Hi is the horizontal voltage output from the load cell (V). 
0) Load cellsftequency response 0) 
The impulse response method was used to obtain the experimental frequency of the 
load cell. The experimental configuration used the octagonal load cell, an uniaxial 
accelerometer, a power supplier and a portable computer. The load cell was attached 
to a rigid experimental desk through a dedicated mounting. Having the accelerometer 
measurement axis bonded and aligned with the axis of testing, and striking the load 
cell with a rubber mallet, gave the dynamic response at the three orthogonal 
directions. Figure 3.26 illustrates the spectrum frequency of the octagonal load cell. 
74 
Figure 3.26: Spectrum frequency of the load cell. 
3. EQUIPMENT DEVELOPMENT 
The lowest natural frequency obtained from the testing was 1250Hz. The difference 
between the theoretical and the experimental analysis could be attributable to the 
constraints at the transducer mounting being stiffer in the model than in the real 
transducer attachment. 
(c) Force platform evaluation 
For preliminary testing to check the static and dynamic response of the system, the 
force platform was installed on the ground at the Gait Laboratory in the University. 
Twelve holes, 50mm deep were drilled into the floor to bolt the two Universal beams 
using stainless steel threads (M8) bonded into the floor using Surefix resin anchor 
(Rawlplug Co. Ltd. ). It was necessary to apply a large amount of resin due to the 
brittle conditions of the flooring found during the drilling. The six cross bars were 
bolted to the Universal beams using hexagonal screws M8, washers and nuts. Four 
aluminium plates were bonded to the aluminium honeycomb panel using a two-part 
toughened acrylic adhesive (Permabond F246 and Initiator n' 5- see Data Sheet - 
Appendix J) to attach the upper load cell mountings. The lower load cell mountings 
were bolted through the Universal beams using hexagonal screws M6, spring 
washers and nuts. The installed force platform is shown in Figure 3.27 (see Appendix 
B- assembly drawings) 
(d) Force plaffiorm ftequency response 
The natural frequency of the force platform was tested after installation in the 
laboratory using the impulse response method. The dynamic response was 
determined experimentally by striking the plate on its upper surface, and also on its 
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si es, with a rubber mallet. The tests involved an accelerometer (Monitran 
MTM/1800 - measurement range ± 10g; resonant frequency 8kHz; frequency 
response 5Hz to 2kHz) bonded to the upper side of the platform, a power supplier 
and a rubber head hammer (Figure 3.28). 
accelerometer 
Figure 3.28: Experimental set-up for the frequency response test. 
The data from the accelerometer was collected at 1024Hz using a portable computer 
(Viglen Dossier CD TFT 10.4 - Pentium), National Instruments A/D board 
(DAQCard-700 - PCMCIA - 16 channels) and LabVIEW3.1.1 software. To 
calculate the natural frequency, the FFT (Fast Fourier Transform) was applied in the 
vibration signals. A block diagram of the software developed for the frequency test is 
given in Figure 3.29. Pictures of the frequency response testing are shown in Figure 
3.30. 
Figure 3.31 illustrates the spectrum frequency of the force platform. The frequency 
of vibration was 230Hz. 
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Figure 3.29: Block diagram of the frequency response software. 
Figure 3.30: Frequency response testing. 
Figure 3.3 1: Spectrum frequency of the force platform. 
The frequency of vibration due to a transverse strike on the other sides of the 
platfonn was equal to or greater than 230Hz, as predicted by the theoretical analysis. 
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The theoretical natural frequency was approximately 1.2 times as great as the 
experimentally determined, a difference that could be attributable mainly to the lack 
of rigidity on the fixations between the different parts. 
An impulse response test was also performed with a 93kg subject standing on the 
platform, roughly at its centre. The test showed that the added mass of the subject did 
not alter the resonant frequency of the system (Figure 3.32), which is in agreement 
with the findings of Paul [ 1997]. 
Figure 3.32: Spectrum frequency of the force platform with a 93kg subject. 
(e) Force plaýform calibration 
To establish any effect of having the load cells assembled on the force plate, a 
calibration check at the three orthogonal directions was performed. At this point the 
crosstalk (actual force value in N) among the different directions were estimated 
using the load cell calibration coefficents. The calibration procedure consisted of the 
following steps: 
A) Static offsets of the eight Wheatstone bridge circuits are recorded. 
B) Loads are applied manually over one calibration point (i. e. loading and 
unloading). 
Q For each loading mode (e. g. Fz), the applied loads are recorded and data is 
acquired from all bridge channels. 
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D) When a loading mode has been completed, static offsets are subtracted and 
apparent loads are calculated from the corrected voltage outputs, using individual 
load cell calibration coefficients determined earlier. 
E) Apparent loads vs. applied load are plotted and linear regression is performed on 
each apparent load plot. 
F) After all three loading modes have been completed, the crosstalks between the 
three orthogonal directions are obtained. 
(e. 1) Vertical direction 
In order to assess the accuracy of measurement of a static force throughout the 
measurement range of the system and to evaluate the effect of the position of 
application of force on the accuracy of force measurement, measurements of discrete, 
known loads were made at twenty-one points on the platform. Six cast iron bar test 
weights of mass 25 kg from Reverifications Ltd., calibrated to OIML class M, 
tolerance (±1.25g at 25 kg), were used to apply static loads of up to 1470 N. The 
weights were applied at a symmetrical grid of points (Figure 3.33). Each weight was 
stacked upon the previous weight and aligned as carefully as possible by eye prior to 
the platform readings being taken. The tests were repeated three times. 
1 2 3 4 160mm 5 200mm 50mm 
Fz Fy 
I LC1 7 10 13 LC4 19 6 
Fx 4 16 
2 7 
0 Fz direction 
E32 5 8 14 17 20 -- -8 Fy direction 
E 
0 Fx direction 
4 
6 18 
53 LC2 9 12 15 LC3 21 10 
LO 
360mm 
10 9 8 7 6 
Figure 3.33: Loading calibration points for the three orthogonal directions. 
The force signal data was collected at 512Hz using a portable computer, National 
Instruments A/D board (as defted previously for the frequency tests) and 
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LabVIEW3.1.1 software. A block diagram of the vertical calibration software is 
given in Figure 3.34. 
The ascending and descending measured forces were very linear. Some hysteresis 
(up to 7N after fully unloading the platform) was evident on the platform. Figure 
3.35 shows the maximum hysteresis found for the vertical calibration and the 
respective y (AP) and x (ML) crosstalk, which were estimated using the individual 
load cells calibration coefficients (as mentioned before). 
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Figure 3.34: Block diagram of the vertical calibration software. 
It was found that the error in vertical force measurement was repeatable and 
consistent at different loads and could therefore be compensated for in the calibration 
software (see Sections 4.1,5.1 and 5.2). In addition, the application of vertical loads 
caused a crosstalk to the shear force channels (calculated from the existing individual 
load cells coefficients), with a maximum error of 90N for the y (AP) direction and 
140N for the x (ML) direction (at full load) (Figure 3.36). Again, this was repeatable 
and enabled the effect to be compensated for in the software. 
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vertical loading and unloading (point 3) 
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Figure 3.35: Vertical calibration curve (point 3- maximum hysteresis) and shear 
force crosstalks. 
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Figure 3.3 6: Vertical calibration curve (point 2 1) and maximum shear force 
crosstalks. 
(e. 2) Horizontal direction 
Horizontal forces were applied to the Aluminium honeycomb panel 
at the edge of the platform via a stainless steel clip fitted round the top skin, a cable 
and a M12 adapter screwed to an uniaxial tension/compression load cell (F256, 
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Novatech Measurements Ltd. ) (Figure 3.37). A continuous load was smoothly 
applied by a human operator pulling the handle attached to the load cell edge such 
that the horizontal force applied to the platform could be calculated. 
The device was used to apply a lateral force at twenty-four points around the edge of 
the platform as shown in Figure 3.33. Loads were applied up to 60ON in the 
horizontal directions, the data was collected at 512Hz during six seconds using the 
same data acquisition set-up described previously. The tests were repeated three 
times. The LabVIEW software used for the horizontal calibration was similar to the 
one used for the vertical calibration (Figure 3.34). 
For the y (AP) calibration the maximum hysteresis was found to be 25N (4.2%) 
(Figure 3.38). The maximum crosstalks for the x (ML) and vertical directions were 
ION (1.7%) and 30N (2.0%), respectively (Figure 3.38), once more the crosstalks 
were calculated using the load cell calibration coefficients. ' 
A hysteresis of 20N (3.3%) was evident on the x (ML) calibration (Figure 3.39) and 
the maximum crosstalks were 8ON (13.3%) and 40N (2.7%) for y (AP) and vertical 
directions,, respectively (Figure 3.40). ' 
I e. g. for an applied force of 60ON at one horizontal direction, a crosstalk to the other horizontal 
direction was 1.7% of 60ON (= ION) and to the vertical direction was 2% of LAN (= 30N). 
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AP loading and unloading (point 6) 
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Figure 3.38: Y (AP) calibration curve (point 6- maximum hysteresis) and maximum 
shear and vertical force crosstalks. 
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Figure 3.39: X (ML) calibration curve (point 8- maximum hysteresis) and y (AP) 
and Vertical force crosstalks. 
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ML loading and unloading (point 5) 
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Figure 3.40: X (ML) calibration curve (point 5) and y (AP) and Vertical maximum 
force crosstalks. 
Both the ascending and descending forces for the calibration were repeatable, as was 
the degree of hysteresis (up to 25N). It was felt that the lateral force measurement of 
the platform had been shown to be linear and that much of the error observed was 
due to two reasons: the brittle conditions of the floor (insufficient rigidity) and to the 
load cell attachments (as mentioned in Section 3.3.1.4(a)); rather than of the platform 
itself. It was therefore decided to proceed with mounting of the force platform in the 
treadmill, but the calibration process would be repeated "in situ" (mounted in the 
treadmill frame). After the load cell mountings bonding process had taken place 
(Section 3.3.1.4(a)). 
3.3.2. Driving System 
The drive system consists of a 2HP (I 50OW) variable speed DC electric motor 
(Normand Electrical Co. Ltd. ) providing continuous selection of velocities on a range 
from 0 to 4m/s. Two V-belts on the motor shaft are connected to a driven pulley, 
which is connected to the drive roller with a toothed belt. The speed is monitored 
with a tachometer that detects the revolution rate of the driven pulley. 
The power required was determined assuming that the motor needed to provide 
enough power to accelerate from 1.5m/s (normal walking speed) to 3.3m/s (leisure 
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running speed) during the time of a foot contact (on average 350ms). The 
acceleration a is given by: 
v-u (3.11) 
t 
where: v is the final velocity, (leisure running = 3.3m/s); 
u is the initial velocity (walking = 1.5m/s); 
t it the time taken for foot contact (0.35s). 
2 From (3.11) the acceleration is 5.14m/s . The force F required to cause this 
acceleration was defined by Newton's second law of motion and assuming a body 
weight of 93.5kg [Sanders and McConnick, 1992], which corresponds to the 95 th 
percentile of male/female weight (i. e. 95% of adults are lighter than this weight): 
F=m-a= 93.5kg . 5.14m / s' = 480.6N 
And the power P is given by: 
P= F-v = 480.6N-3.3m Is= 1586W 
Although the original treadmill motor power is slightly lower than that, it was felt 
that it would be sufficient for the prototype. 
To achieve a low level of vibration inducing a minimum noise in the force readings, 
the motor was assembled separately (floor mounted) from the main frame. For 
safety, a covering was placed over the driving components. 
The selected belt material was a composite (two-ply polyester fabric with high 
transverse stiffness), the topside is 0.4mm PVC (Poly vinyl chlorine) (shore A 
hardness 80) and the bottornside is very low friction fabric (ýL=0.2). The belt features 
are given in Appendix D. A vulcanised joint was used allowing a smooth invisible 
joint, which it was felt would not disturb the subject's movement or the force 
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readings. Since lateral sliding between the belt and the supporting plate occurs, and 
consi ering that x (ML) force will be monitored, a guided roller support bar was 
attached to the frame, minimising the belt lateral movement. 
3.3.2.1. Control Circuitry 
Preliminary speed maintenance tests indicated that the variation in speed was 
unacceptable (initially demonstrated by the speed indicator fluctuating). A new 
motor speed controller (Eurotherm Drives - West Sussex) was incorporated to the 
treadmill system. This controller is designed for DC Shunt Wound motors and 
operates from a single phase AC mains supply 220/240V AC 50/6OHz. The control 
of the associated DC motor is achieved by using a linear closed loop feedback signal 
based on the motor's own DC armature voltage, which enables constant motor speed 
to be maintained throughout variable motor loads. Speed measurement is obtained by 
using a tacho-generator connected to the driven pulley's shaft, which gives the speed 
indication on the front panel indicator dial. A current loop within the speed feedback 
path ensures that safe current levels are always provided to the armature of the motor 
up to the level set by the maximum current potentiometer. 
The circuit diagram of the speed controller and the drive manual are included in 
Appendices C and F, respectively. In installing the controller some new electronic 
components were required: start-stop pushbutton switches, incline pushbutton 
switches, emergency stop pushbutton, fuse and speed control potentiometer. A 
picture of the control panel is shown in Figure 3.4 1. 
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Pushbutton Emergency stop Speed control Start - Stop 
Pushbutton Potentiometer Pushbuttons 
Figure 3.41: Control Panel. 
The control circuitry of the motorised treadmill comprises the Eurotherm. Drive 
module 508, two transformers to energise the safety interlock circuitry and circuit 
status indicator lamps respectively, two electrically operated contact breakers and 
various control switches. Electrical security is provided by a 15A circuit breaker to 
protect the whole system, with individual fuses for each of the transformer driven 
circuits and the motor control module. 
In order to guarantee the safety of the subject while the treadmill is in use a number 
of disabling interlock switches have been incorporated in the control circuit. An 
emergency stop button is connected in the reset position before any part of the circuit 
can be powered up. If an emergency situation arises in use the operator can simply 
press this button and power will be removed from all parts of the treadmill 
simultaneously. 
Pushbuttons on the treadmill handrails can be pressed in an emergency, which break 
the circuits, and power is removed from the motor control module. The system can 
only be restarted when the set speed potentiometer is returned to the zero speed 
position. 
87 
3. EQUIPMENT DEVELOPMENT 
3.3-3. Main Support Frame 
The treadmill support is based upon frames made essentially out of mild steel box 
sections (square - 50x5Omm and rectangular - 36xl7mm), an overview of the 
treadmill frame is shown in Figure3.42. The treadmill frame consists of two parts, 
defined here as the moving frame and the main frame (Figure 3.43). 
Figure 3.42: Pictures of the treadmill frame before the modifications 
had been carried out. 
Figure 3.43: Pictures of the moving frame (a) and the main frame (b). 
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Once the force platform was statically and dynamically tested on the ground of the 
Gait Laboratory, some modifications on the treadmill frame were required in order to 
affix the measuring system. New components were designed and fabricated by the 
Workshop (see detail drawings - Appendix B). 
First of all the moving frame was separated from the main frame as illustrated in 
Figure 3.43 and then the following modifications were carried out: 
- remove the welding joints of the previous roller bed in the moving frame; 
- cut out two of the upper middle bars and two of the transverse bottom bars from 
the moving frame; 
grind the lower bars for the ftiture attachment of the measuring system on the 
moving frame; 
- drill twelve specified holes (0 =I Omm) to place and bolt the Universal beams on 
the moving frame (see Figure 3.44); 
- replace the two new roller bearings into the shaft of the driven roller (see Figure 
3.45); 
- attach the two new roller mounting units on the main frame (see Figure 3.45); 
- weld the motor mounting on the back of the main frame (see Figure 3.45); 
- reduce the height of the one back wheel adjustment of the main frame, allowing 
clearance for the toothed belt assemble. 
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Figure 3.45: Motor mounting welded on the main frame, roller bearing and roller 
mounting unit. 
After modifying both frames, the moving frame was re-assembled in the main frame. 
New packing for the hydraulic system attachment in the top front part of the moving 
frame was designed and manufactured permitting inclinations up to 15*. The 
Universal beams of the measuring system were bolted to the moving frame through 
twelve metric hexagonal M8 screws (Figure 3.44). 
The treadmill frame was then ready (Figure 3.46) to position the aluminium panel, 
load cells and mounting assemblies. They were lowered into the moving frame and 
bolted down securely to the Universal beams. The level of the panel was checked and 
no visible error was found. Having been installed, the measuring system was then 
statically and dynamically tested once more (see Section 4.1). 
Figure 3.46: Assembled treadmill frame after modifications. 
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After that the new belt (2SB6B MATT - Southern Belting - Hampshire) was placed 
over the measuring system. When placing the belt a gap between the bed surface and 
the bottom side of the belt was allowed in order to reduce the horizontal forces 
(friction forces) in the measuring system due to the belt movement. In addition a 
I mm sheet of PTFE (Poly Tetra Fluor Ethylene) was bonded to the top surface of the 
Aluminium panel using specialised double-sided tape in order to decrease the friction 
forces. 
Finally the motor was placed on the back of the treadmill frame (motor mounting - 
Figure 3.45) and the electrical connections were made. Figures 3.47 and 3.48 show 
the complete assembled treadmill. Once the speed controller was installed the 
dynamic tests of the treadmill (Section 4.4,4.5,4.6) were carried out. 
Figure 3.48: Assembled treadmill (including motor guard). 
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3.3.3.1. Belt Speed Measurement 
At foot contact, the treadmill belt and one of the horizontal components of the GRF 
(FAp) act at the same direction, with the difference that FAP changes signal during 
foot contact, 'braking' during the first half of the stance phase, and 'propulsion' during 
the second half. This event causes speed variation on the treadmill belt that should be 
directly (instantaneously) measured to detect the belt speed maintenance. In order to 
accurately measure this, an optical sensor was incorporated in the treadmill frame 
and sixty-four marks of reflective tape (5mm wide) spaced every 65mm, were glued 
to the belt side edge. This procedure assures approximately 12 marks Per foot contact 
time at a running speed of 3m/s. The output from the optical switch was connected to 
an analogue channel of the 1/0 board described before. 
The circuit diagram of the reflective optical switch is presented in Figure 3.49. This 
circuit has a standard 5V regulator (78LO5) and when the emitting diode (opto switch 
2601) generates a signal the operational amplifier (LM339N) works as a buffer 
applying an inverted pulse to the output (data acquisition card). This circuit is based 
on the optical switch supplier suggestion (RS232-2447 Data sheet). Figure 3.50 
illustrates the belt reflective marks and optical sensor assembly. 
+5v 
+GV 1 
78LO5 2 
3 
100K 
O, IuF 220R 
4K3 20K W 
4 
3 
2 
r- -1 LM339N OUTPUT 
12 
opto 
470K 
switch 
2601 10K 
ov ov 
Figure 3.49: Optical switch circuit diagram. 
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assembly 
Figure 3.50: Belt reflective marks and Optical switch assembly. 
A schematic of the instrumented treadmill system connections is shown in Figure 
3.51. It consists of four 9-way D type connectors (load cells outputs), handrail 
emergency stop 3-pin connector, control panel multi-pin plug, load cell amplifiers, 
power supply (± 6V), optical-switch assembly, 1/0 card interface unit and PC 
computer (1/0 card). 
Emergency Stop 
(Handrails) 
Control Panel 
Load Cell 
outputs 
optical-switch 
assembly 
C7 M 
Power 
Load Cell Amplifiers 
Supply +6V OV -6V 
JL_ 
+6V OV -6v 
YO 
Card 
Interface Unit 
GND (10 channels) 
o pto-suvitch si gnaI 50-pin flat 
I 
riblbon cable 
1/0 Card 
PC computer 
Figure 3.5 1: Scheme of the treadmill connections. 
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3.4. COSTING 
ITEM 
Aluminium Honeycomb Panel 
Aluminium Alloy for load cell mountings 
Stainless Steel for load cells 
Universal I beams for force platform mounting 
Mild Steel Tube sections for motor mounting 
Belt - rubber Matt 
Aluminium. Alloy for Roller supports 
Mild Steel Round bar for Roller bearings 
Strain Gauges 
Cables, Connectors and Plugs 
Adhesives and Silicon 
Surefix Resin Archor 
Reflective tape and double-sided sticky tape 
PTFE I min sheet 
Nuts, bolts, spring-washers and washers (stainless steel) 
Strain Gauge Amplifiers 
Data Acquisition Card, terminal block and cable 
Motor Speed Controller 
Switches and Push-buttons 
Optical Switch assembly 
Calibration devices 
PC 
TOTAL 
COST (f) 
302 
57 
39 
112 
79 
157 
85 
35 
130 
120 
23 
37 
50 
43 
56 
415 
361 
103 
52 
18 
210 
1468 
f 3952 
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4. TREADMILL TESTING AND VALIDATION 
The tests discussed in this chapter, use the instrumented treadmill discussed in the 
previous chapter to ensure that it met the specifications with respect to vertical 
loading accuracy, natural frequency of vibration and speed accuracy. This chapter 
first describes the calibration procedure for the vertical and horizontal direction, 
followed by the assessment of the accuracy of the derivedpoint of force application. 
Subsequent sections concentrate on the natural frequency test, belt speed 
maintenance, and vibration and dynamic tests. 
The evaluation tests performed were as follows: 
Vertical static calibration and Horizontal quasi-dynamic calibration of the force 
platform (linearity and crosstalks): known loads applied over a range up to 1.5kN 
for the vertical direction and up to 0.6kN for the horizontal direction, repeating 
the earlier tests, effectively. 
- Point of force application: known loads applied accurately on a grid of point 
across the force platfonn. 
- Natural frequency: performed by the impulse response test. 
- Belt speed maintenance: measurement of the belt speed with a person walking 
and running on the treadmill at different speeds, identifying the belt speed 
variation during and after the foot contact. 
- Vibration and electrical noise: comparison between the force readings with the 
belt stationary to the output with the belt moving with no additional load. Also, 
vibration analysis of different parts of the treadmill to detect frequency 
components of the signals at different speeds and if necessary, identifying a low- 
pass filter value. 
- Dynamic tests: (1) with the treadmill belt moving slowly, a person 
lowered 
himself onto the treadmill belt in front of the plate, stood still, and rode the tread 
over and off the plate while the force output was recorded (this also helped as an 
additional test of the frictional forces); (2) with five different subjects running on 
the treadmill at two particular speeds, over an integral number of strides, the 
average vertical force was compared to bodyweight. 
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4.1. CALIBRATION (VERTICAL AND HORIZONTAL) 
The calibration process (see Section 3.3.1.4 ) was repeated to give the relationship 
between the applied loads and the measured voltages. The grid of points for the 
vertical and horizontal calibration was the same one mentioned in Section 3.3-1.4 
(Figure 3.33). The calibration data was also used to provide error correction routines 
for use in the treadmill software (see chapter 5). Figure 4.1 shows the experimental 
set-up for the horizontal and vertical calibration "in situ". The tests were repeated 
three times. Also, after the belt had been positioned, the calibration process was 
repeated once more. 
Figure 4.1: Horizontal (a) and Vertical (b) calibrations. 
The equations used to calculate the three orthogonal components of the GRF were as 
follows (the axes orientation is shown in Figure 4.2): 
Fz = (VI - LCvl) + (V2 - 
LCV2) + (V3 - LCV3) + 
(V4 
- LCV4) (4.1) 
Fy = (H2 - 
LCH2) -A- 
LCHO 
Fx = (H3 
LCH3)-(HI - LCHI) 
(4.2) 
(4.3) 
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where: Fz is the force in the z direction (vertical); 
Fy is the force in the y direction 
Fx is the force in the x direction 
Vi is the vertical voltage output from the load cell; 
Hi is the horizontal voltage output from the load cell; 
LCj is the calibration coefficient of the load cell. 
Top View Load Cell 1 Load cell 4 
n 
x z Y Wor 
" Driving system Load cell 2 
Loadr-e113 
" Main support frame 
" Measuring system 
" Hydraulic system 
Figure 4.2: Axes orientation for the treadmill forces (top view). 
When calibrating vertically the data for all channels was recorded and on 
examination it was discovered that significant shear forces had been recorded, the 
maximum values were 490N (32.7%) and 157N (10.5%) for the y and x direction, 
respectively. Figure 4.3 and 4.4 show the calibration curves for point 12 and 20, 
which presented the maximum horizontal crosstalk value for the horizontal directions 
(these crosstalk values were calculated using the final calibration coefficients 
presented in (4.4) together with equations 4.2 and 4.3). The results for the other 
points are given in Appendix A. The maximum hysteresis was found to be 8N (0.5%) 
(at point 3). 
The method used to calculate the crosstalk percentage throughout this chapter is the 
same as defined in Section 3.3.1.4(e). 
F------ . --, I 
Li 
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Figure 4.3: Vertical calibration curve (point 12) and maximum shear force crosstalk 
at the y direction. 
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Figure 4.4: Vertical calibration curve (point 20) and maximum shear force crosstalk 
at the x direction. 
The horizontal calibration was also developed as described before (Section 3.3.1A). 
The results showed a reduction on the hysteresis level at both directions (x and y) 
detected to be 14N (2.3%) and 15N (2.5%), respectively. The maximum crosstalks 
for the y direction were 25N (4.2%) for the x direction and 30N (2.0%) for the 
vertical direction; while for the x direction were 150N (25%) for the y direction and 
20N (1.3%) for the vertical direction. Typical calibration curves for the horizontal 
directions with the respective crosstalks are shown in Figure 4.5 and 4.6 (again the 
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crosstalk values were found applying the final calibration coefficients shown in (4.4) 
with equations 4.1,4.2 and 4.3. depending on the direction to be calculated). 
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Figure 4.5: Horizontal calibration curve (point 6-y direction) and maximum 
crosstalks for the vertical and x directions. 
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Figure 4.6: Horizontal calibration curve (point 8-x direction) and maximum 
crosstalks for the vertical and y directions. 
After the vertical and horizontal calibration had been completed the fmal calibration 
coefficients were found as follows: 
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LCv, = 1114.22 
LC 
V3 = 1095.89 
LCV2 
= 945.89 
LCV4 
= 1002.87 
(4.4) 
LC 
HI = 1190.48 
LCH2 
= 1241.62 
LCH3 
-,,,: 1086.96 
LCH4 
= 1247.98 
These coefficients were calculated averaging the three repetitions for each direction 
among the calibration points. The calibration coefficients spread across the grid of 
points was up to 1.5% for the vertical direction and 1% for the horizontal directions. 
Once the calibration coefficients were defined the respective crosstalks (in N) were 
calculated (although already given in Figures 4.3,4.4,4.5 and 4.6). In the act of a 
definite pattern on the test surface across testing sessions, this data was used to create 
correction equations for the shear crosstalks due to the vertical loads. A linear best-fit 
was applied to each calibration curve (Vertical force applied (N) vs. Horizontal 
crosstalk (N)) along the 21-point grid of the vertical calibration. As the slopes of 
these equations were consistent, the average between them was taken and plotted 
against the position of the applied vertical force. From these, calibration surfaces for 
the shear crosstalks were generated as illustrated in Figure 4.7 and 4.8. 
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Figure 4.7: Calibration surface for the crosstalk in y direction. 
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Figure 4.8: Calibration surface for the crosstalk in x direction. 
These surfaces were used as a basis for a correction routine in the treadmill software. 
Best-fit surfaces were applied to the data and the equation of the surfaces were used 
to calculate a correction factor to be multiplied by the Vertical force (N) and then 
applied in the calculation of the shear forces. The best fit surfaces are presented in 
Appendix A. 
The surface equations are described as: 
y, f. = -0.2173 + 0.000477 -Y+3.99E -6- Y' - 8.77E -9- Y' + 6.02E - 12 . y4 
- 1.43E - 15. 
y5 + 0.000714 -X-2.57E - 6. X-Y-1.29E - 8. X. y2 (4.5) 
+ 2.59E - 11. X. y3 - 1.20E - 14 - 
X. y4 + 7.54E _1g. X_ y5 
Xcoef. = -0.00904 - 0.000464. Y+1.3 9E-6. Y' - 8.64 E- 10 - Y' 
- 3.13E - 13. y4 + 2.88E - 16 - Y' + 0.00081. X+2.87E - 6. X-Y 
- 1.67E - 8. X. y2 + 2.66E - 11. 
X. y3 - 2.16E - 14. 
X. y4 (4.6) 
+ 7.07E - 18. X- Y' - 1.65E - 6. 
X2 
- 3.56E - 
9. X2 - Y+ 2.65E - 11. 
X2. y2 
- 4.59E - 14 . 
X2. y3 + 4.12E - 17. 
X2. y4 
- 1.47E - 20. 
X2. y5 
where: is the crosstalk coefficient at the y direction; 
x ... f is the crosstalk coefficient at the x 
direction; 
X and Y are the coordinates of the force application point (CoP). 
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The final equations to calculate the forces (Fz, Fy and Fx) are as follow: 
Fz (N) = ((VI . 1114.22) + (V2 . 945.89) + (V3 . 1095.89) + (V4 . 1002.87) (4.7) 
Fy (N) = ((H2 . 1241.62) - (H4 . 1247.98)) - (Fz - Ycoef ) (4.8) 
Fx (N) = ((H3 . 1086.96) - (HI . 1190.48)) - (Fz - Xcoef ) (4.9) 
where: Vi is the output voltage from the vertical channel of the load cell; 
Hi is the output voltage from the horizontal channel of the load cell; 
Fz is the vertical force; 
Fy is the force at the y direction I 
Fx is the force at the x direction; 
is the crosstalk coefficient at the y direction; 
x ... f is the crosstalk coefficient at the x direction. 
Correction mapping from the horizontal directions to the vertical direction was not 
necessary essentially because of two reasons: the maximum crosstalk found was 30N 
at full horizontal load (y direction), which is approximately 0.8% of the vertical full 
scale range; and to save software processing (computing) time. 
As soon as the vertical and horizontal calibration were finished and the respective 
corrections were implemented in the software, static and dynamic tests were 
performed in order to verify corrections and to find out the maximum errors for the 
three orthogonal force directions. Basically three tests were undertaken: 
- Vertical test: static loads of up to 1.2kN were applied at 15 different points along 
the platform (see Figure 4.9), using the same method applied for the vertical 
calibration (five cast iron bar test weights of mass 25kg, aligned one on top of the 
other). 
- Horizontal test: quasi-dynamic loads of up to 0.6kN were applied at 16 points 
around the edge of the platform (see Figure 4.9) in the same way as applied for 
the horizontal calibration. 
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- Inclined test: quasi-dynamic inclined loads (30' and 60' from the horizontal 
plane) of up to OAkN were applied at 10 different points on the top of the 
platform (see Figure 4.9). In order to apply vertical and horizontal force 
components at the same time, an angled steel block (detail drawing - Appendix 
B) was designed and manufactured. The experimental set-up for this test is 
shown in Figure 4.10. 
Top View 
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200mm 31 Omm 
* Inclined direction 
Figure 4.9: Grid-points for static and dynarnic verification tests for the three 
orthogonal directions. 
Figure 4.10: Experimental set-up for the inclined force test. 
From these tests the maximum percentage errors for each direction were found as 
shown in Figures 4.11,4.12 and 4.13. 
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Figure 4.11: Percentage errors for the vertical force (Fz). 
8- 
6- 
4 
2 
-2 
-4 
-60 
1200 
11000 000 
800 
6007, 
y position (mm) 400 
200'ýý, 
X ISO 
0 i0o 
Error (Fz) 
2.00+ 
1.70 to 2.00 
1.40 to 1.70 
1.09 to 1.40 
0.79 to 1.09 
0.49 to 0.79 
0.19 to 0.49 
-0.11 to 0.19 
1 
-0.42 to -0.11 
-0.72 to -0.42 
-1.02 to -0.72 
-1.32 to -1.02 
-4 -1.55 to -0.50 
-6 -2.60 to -1.55 
-3.65 to -2.60 
0035CO -4.70 
to -3.65 30 
250 
200 x position (mm) 
Figure 4.12: Percentage errors for the horizontal force (Fy). 
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Figure 4.13: Percentage errors tor the horizontal lorce (Vx). 
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The results from the correction mapping check showed that the error in the 
measurement of vertical load was force positioning dependent (with a maximum 
error of 2.3% at the maximum tested load of 1471N), but was also found to be linear 
with load and repeatable. As mentioned before the crosstalk from the applied vertical 
force to the horizontal force axes was found to be very large, but was again linear 
with load and repeatable such that it was possible to compensate for the effect in the 
treadmill software (as has been implemented in the code). For the horizontal force 
measurements the verification presented consistent results with a maximum of 7.9% 
error for the y direction and 5.4% for the x direction. Once more the results were 
position dependent. 
As can be seen in Figures 4.11,4.12 and 4.13 an acceptable level of error (within the 
specification) was found in the three orthogonal directions, when forces were applied 
within the rectangular area covered by the transducer centres. 
4.2. FORCE APPLICATION POINT 
Once the forces were checked, the accuracy of the derivation of the position of 
application of a force was then statically and dynamically tested. The vertical force 
tests (calibration) were not developed to provide accurate position data, but provided 
a quick check on the accuracy of position of static force measurement. Therefore the 
variability in the position data was to be examined in a way to allow the accuracy of 
position of force measurement to be evaluated for a range of force values across the 
measuring range of the platform and at a range of positions. 
Taking into account the accuracy achieved on the horizontal force measurements (Fx 
and Fy, a preliminary test comparing the errors in locating the applied force (GRF) 
with and without the horizontal forces was performed. After a detailed examination 
on the force calibration data aiming to find the influence of the horizontal forces on 
the accuracy of position measurement, good improvements were shown by only 
considering the vertical forces. It was therefore decided to determine the location of 
an applied force by using the equations below (4.10 and 4.11) instead of the ones 
presented in Section 3.3.1.2 (3.7 and 3.8). Additionally, the position calculation 
105 
4. TREADMILL TESTING AND VALIDATION 
threshold was determined; i. e. the system will only determine the force application 
point for total loads exceeding IOON, because at loads lower than this, the 
measurement errors make the calculation of force application point too inaccurate. 
The equations used to calculate the force application point coordinates were as 
follows: 
X=0.05 +( 
(((V2 - 
LCV2) + W3 - 
LCV3)) 
. 0.4) (4.10) 
(FZ) 
(((V4 
- 
LCV4) + (V3 - 
LCV3)) 
-0.8) Y=0.21 +( (Fz ) 
(4.11) 
The forces were applied using a specially designed rig, 3-point support (Figure 4.14). 
The rig had two short steel legs at two of its corners (which were supported outside 
the treadmill frame on a dedicated wooden box) with a small, steel cone with 
rounded tip providing support at the third comer (the only actual point in contact 
with the treadmill bed). The point of the cone sat in a shallow depression in a perspex 
disk that was placed on the platform. The disk had a cross etched on its lower surface 
which was aligned with the depression on its top surface and that allowed the disk to 
be placed very easily over a marked position on the platform. Blue-tak was attached 
around the disk edge preventing the disk from moving from its position when loads 
were being applied. An accurate point of force application was the main concern on 
this test rather than the amount of load applied. 
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Forces were applied by standing on and off the rig twice whilst the load cells outputs 
were sampled at IkHz for 15 seconds. Thirty points were tested and recorded (see 
Figure 4.15). The main treadmill data acquisition software was used to record the 
data for this test. The maximum position errors were 12mm and 14mm for x and y 
directions, respectively (points I and 21). 
Figure 4.15: Static mapping points (measured and calculated positions). 
Further dynamic tests were performed aiming to apply high values of horizontal 
forces,, in order to verify the influence of these forces on the force position and also 
to simulate the horizontal forces that may occur in running conditions. The sampling 
frequency was lkHz with a sampling time of 6 seconds. Basically two tests were 
accomplished. Firstly a person (bodyweight = 720N) hopped on the top of the 3- 
point support. Secondly, the same person exerted as much as possible horizontal 
forces (AP and ML at both directions (i. e. positive and negative) - see applications 
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points and directions for the dynamic test - Figure 4.16) through pushing/pulling the 
3-point support with his foot. For both tests the person stayed within the treadmill 
frame while holding the handrails. These tests were repeated at 15 different Points 
along the platform (see Figure 4.16). The peak horizontal forces recorded were 
approximately 460N and 3 70N for they (AP) and x (ML) directions, respectively. 
Figure 4.16: Dynamic points position (mm) and loading directions. 
From the hopping test the maximum errors were II mm. in the x direction and -I 4mm 
in the y direction. The data in Table 4.1 show the maximum errors (mm) in 
calculation of position of application for the second test. The data was averaged to an 
effective sampling rate of 20OHz. Patterns for the error distribution at both directions 
along the 15-grid points are given in Appendix H. 
Table 4.1: Summary of results of the dynamic application point testing (directions 
shown in Figure 4.16). 
Direction Xerror(mm) Yerror(mm) 
AP 17 -43 
AP2 17 57 
ML -33 -45 
ML2 31 49 
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4.3. NATURAL FREQUENCY TEST 
The natural frequency requirements of the equipment have been outlined previously 
(Section 3.3.2). The test was performed to evaluate the natural frequency of the force 
platform in its installed configuration and to find out what effect the attachment to 
the moving frame, being of a different rigidity than the ground attachment used in the 
fonner test,, had on the frequency response of the platfonn. The test involved a 
uniaxial accelerometer mounted at various points on the measuring system and its 
free vibration to an impulse load measured (see Section 3.3.1.4). The accelerometer 
signal was sampled at lkHz for four seconds and the frequency content determined 
using a Direct Fourier Transform. The test is illustrated in Figure 4.17. 
An example of the plot resulting from the tests is given in Figure 4.18. As shown by 
Table 4.2,, the natural frequency was found to be higher with the force platform 
mounted on the moving frame than on the ground, which may have arisen due to the 
lack of stiffness on the floor mounted test confirming the observations referred to in 
Section 3.3.1.4(c) (relating to the structure of the floor). Again, a 93kg subject 
standing at the centre of the platform had a negligible effect on the natural frequency 
of vibration of the system. 
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Figure 4.18: Spectrum frequency of the platform after installation. 
Table 4.2: Summary of results of natural frequency of the measuring system. 
Natural frequency attached to the ground 230Hz 
Natural frequency attached to the moving frame 2501-1z 
Also the natural frequency at the horizontal directions were tested. The results 
(Figure 4.19) show that the vertical vibration mode is the lowest natural frequency of 
the system, since the horizontal responses were 350Hz and 430Hz. 
FFT FFT 
Frequency (Hz) Frequency (Hz) 
(a) x direction (b) y direction 
Figure 4.19: Horizontal frequency spectrums. 
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4.4. BELT SPEED MAINTENANCE 
The accuracy of directly measuring the belt speed along with its maintenance was 
tested in four ways (the speed indicator on the front panel was used to set the speed 
tested): 
1. belt running at 5,10 and l2km/h without load; 
2. a subject walking at 5km/h (1.39m/s); 
3. a subject running at I Okm/h (2.78m/s); 
4. four different people running at 10 and l2km/h (3.33m/s). 
The first test was performed to find out the difference, if any, between the speed set 
on the display of the treadmill and the speed measured direct from the belt. The 
treadmill speed was set at 5,10 and 12km/h and data was collected at 2kHz for five 
seconds. This test also permitted verifying the background noise in the force readings 
with the belt running at different speeds. This test was repeated several times on 
different days. An example of the plots obtained from the data acquisition is shown 
in Figure 4.20. 
Treadmill display speed: 6,10 and 12km/h (1.39,2.78,3.33M/S) 
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Figure 4.20: Belt speed measured at 5,10 and 12km/h (1.39,2.78,3.33m/s) - (no 
load) and 'background' force measurement noise (N). 
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The background 'noise' in the force readings when the motor was turned off was 
<±12N (Fz), <+-6N (Fy) and <+-3N (Fx), while with the motor turned on (no subject 
on the treadmill) was <-+30N (Fz), <+IIN (Fy) and <+8N (Fx) at speeds up to 
l2km/h. 
The second test was to evaluate the belt speed maintenance with a subject 
(bodyweight = 650N) walking on the treadmill. The subject walked on the treadmill 
for three minutes while data was collected at 2kHz for five seconds in the last 
minute. The test was repeated five times on different days with the person wearing 
sport shoes. The speed vs. time graph for the five repetitions is given in Figure 4.21. 
Walking at 5km/h (1.39m/s) - sport shoes 
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Figure 4.2 1: Belt speed measured with a person walking at 5km/h (1 .3 9m/s) - 
Thirdly the same subject from the walking test, ran barefoot at IOkm/h (2-78m/s). 
Again the subject ran on the treadmill for three minutes while data was collected at 
2kHz for eight seconds in the last minute. Yet with a difference that this time the 
person jumped off the treadmill at the final stage of data acquisition allowing 
checking of the recovery time and speed of the treadmill belt. The test was repeated 
five times on different days. An example graph showing the belt speed and vertical 
ground reaction force for this test is presented in Figure 4.22. 
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Running at I Okmlh (2.78ffi/9) - barefoot 
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Figure 4.22: Belt speed and vertical ground reaction force for a person running 
barefoot at I Okm/h (2.78m/s). 
From the third test it was possible to verify that the treadmill recovered the pre-set 
speed in about 200ms, going from an average of 2.68m/s (loaded condition) to 
2.78m/s (unloaded condition), which was considerably less than the subject's stance 
time (on average 320ms). 
Finally four different subjects ran on the treadmill at I Okm/h (2.78m/s) and 12 km/h 
(3.33m/s) for five minutes. Data was acquired at 2kHz for six seconds in the last 
minute of each running trial, typically representing 14 to 16 foot contacts. The 
subjects were used to treadmill running; additionally they all practise some kind of 
aerobic exercise regularly. For the testing all subjects wore their own running shoes. 
Figures 4.23 and 4.24 show the speed variation along the six seconds data for all 
subjects while running at 10 and 12km/h. 
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Treadmill display speed - Subjects running at I Okm/h (2.78m/s) 
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Figure 4.23: Belt speed for four subjects running at I Okm/h (2.78m/s). 
Figure 4.24: Belt speed for four subjects running at l2km/h (3.33m/s). 
After all tests had been finished the average, maximum and minimum speeds were 
calculated for each condition separately and the results are shown in Table 4.2. 
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Table 4.2: Summary of results for the belt speed measurement test. 
Test performed Average belt Min (m/s) 
speed (m/s) Max (m/s) 
Belt running at 5km/h (1.39m/s) 1.38 1.35 
1.41 
Belt running at I Okm/h (2.78m/s) 2.78 2.73 
2.84 
Belt running at 12km/h (3-33m/s) 3.33 3.26 
3.41 
Subject walking at 5km/h (sport shoes) 1.35 1.26 
1.42 
Subject running barefoot at I Okm/h 2.69 2.47 
2.91 
Subject running at I Okm/h (running shoes) 2.62 1.79 
2.98 
Subject running at 12km/h (running shoes) 3.11 2.15 
3.54 
The data indicates that the belt speed variation with no load on it (up to ±2.4%) is 
within that required by the specification. However when loaded the belt speed varied 
significantly, in some cases decreasing in about 30% at the heel-strike phase (braking 
force at the y direction) and increasing about 14% at the push-off phase (propulsion 
force). Also barefoot running produced less speed variation when compared with the 
running shoes test, which could be a consequence of the high impact peak at heel 
strike combined with a very short contact time indicated in the barefoot test. 
4.5. VIBRATION TESTS 
In order to have a better understanding of the vibration 'noise' introduced to the 
system when the treadmill is switched on (motor and belt vibrations), a vibration 
analysis was performed. The test involved having the treadmill running at various 
speeds and the measurement of the amplitude of vibration at five different positions 
on the treadmill frame. A uniaxial accelerometer (specified previously - Section 4.3) 
was bonded at a range of positions and data was sampled at I kHz for five seconds at 
four different speeds (5,8,10 and 12km/h). The positions chosen for attachment of 
the accelerometer were: at the bottom of the Aluminium Panel, at the top of an 
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Universal beam, at a top and bottom bars of the treadmill frame and at the back of 
the motor frame 
From the frequency content analysis of the signal it seemed that there were not well 
defined frequencies depending on the speed selected, and no clear pattern could be 
seen as the responses varied in a range from 25 to 150Hz. In an attempt to overcome 
some of this vibration, four anti-vibration mountings were placed between the motor 
and the motor mounting frame. 
The vibration tests were then repeated and the differences were mostly seen in the 
amplitude values, which as expected, were smaller. Although the amplitude was 
reduced, mainly in the motor frame, and the frequencies changed within the same 
range; the increase in noise (sound) level was considerable, necessitating a removal 
of the anti-vibration mountings. Furthermore, it was considered and demonstrated 
with the test data that the random vibration response can be substantially removed by 
averaging the foot contacts. 
4.6. DYNAMIC TESTS 
The dynamic tests were intended to check the levelling of the force platform in 
comparison to the belt running position, to ensure that no additional horizontal forces 
(friction forces) were introduced to the system. 
The belt-induced forces are related to the position of the force platforrn (treadmill 
bed) and the belt horizontal position. If the bed is mounted below the level, the belt 
will exert upward vertical force in tension and consequently reduce the force 
recorded by the platform. If the bed is mounted above, the belt will apply extra 
downward vertical force as the motor pulls it. In this second case, the extra vertical 
force and, hence the frictional forces vary. It was then necessary to investigate the 
behaviour of such a force. 
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From the Friction Theory [Meriam and Kraige; 1998], once motion occurs, a 
condition of kinetic friction accompanies the subsequent motion. The kinetic friction 
force is proportional to the normal force; in this case, the vertical ground reaction 
force: 
F, =, u, -N=, uk - Fz kk 
where: Fkis the kinetic friction force; 
pkis the coefficient of kinetic friction; 
N is the normal force; 
Fz is the vertical ground reaction force. 
(4.12) 
Coefficients of friction depend greatly on the exact condition of the surfaces, as well 
as on the speed, and are subject to a considerable measure of uncertainty. Because of 
the variability of the conditions governing the action of friction, in engineering 
practice it is essential that the actual coefficients for a given situation are used. The 
typical value considering the actual surfaces and under normal working conditions is 
0.04, but a variation of 25 to 100% or more from this value could be expected during 
operation, depending on prevailing conditions of cleanliness, surface finish, pressure, 
and speed. [Ruoff, 1973; White et aL, 1998] 
Two dynamic procedures were performed to test this potential level-mounting 
problem together with the frictional forces generated between the top of the platform 
and the bottom surface of the belt. First, with the treadmill belt moving slowly, a 
subject lowered himself onto the treadmill belt in front of the platform, stood still, 
and rode the tread over and off the platform while forces output were recorded. The 
vertical and horizontal (y direction) forces output record from this procedure were a 
rising slope, a level plateau, and then a falling slope. The test was repeated three 
times for each of the four different speeds (1,2,3 and 4km/h: 0.28,0.56,0.83 and 
1.11 m/s, respectively) in an attempt to investigate the variation of the frictional 
forces with speed. 
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As the results were very similar (variability within recorded forces less than ±0.35%) 
between the repetitions and speed tested, an example of a recorded force data from 
this test with the belt moving at lkm/h is given in Figure 4.25. 
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Figure 4.25: Forces vs. time recorded as a person rode the treadmill belt (I km/h) 
across the force platform (GRF: Fx, Fy and Fz; Bodyweight: BW). 
The force record indicates initially zero force, then as the feet make progressively 
more contact with the platform, a rising slope. With the person totally on the 
platform, a plateau was recorded. Signal then falls off as the person slides off the 
back of the platform. 
The average plateau force signal was within 1.2% of the subject's weight (688N), and 
the fluctuations were less than ±1%. These fluctuations were due to the additive 
effects of the shifting position of force application, crosstalk from frictional forces, 
belt and motor vibrations, and the slight unsteadiness of the person standing. This 
indicates that the belt was exerting very little force on the platform, either upward or 
downward. This test also showed the effect of frictional forces. It created a nearly 
constant frictional force, across the platform when having constant vertical force and 
speed. 
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As a second dynamic test, data was recorded while five different subjects ran on the 
treadmill at two different speeds, 10 and 12km/h (2.78 and 3.3 3m/s) and the average 
vertical force over a step period was calculated. As discussed by Cavagna [ 1975] and 
Kram and Powell [1989], over a complete cycle of gait (a step or a stride) there is no 
net vertical acceleration of the centre of mass, therefore the average vertical force 
must equal bodyweight. This concept is graphically presented in Figure 4.26. 
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Figure 4.26: Vertical ground reaction force vs. time recorded as a person ran on the 
treadmill at l2km/h (3.33m/s). 
Over a total step period (flight + contact time), there is no net vertical acceleration of 
the centre of mass. Thus the average vertical force exerted on the ground must be 
equal to one bodyweight. In Figure 4.26 the grey area above the bodyweight line 
(pink line) should be equal to the sum of the blue areas below the bodyweight line 
[Cavanagh, 1990; Kram and Powell, 1989]. Thus, average force over the whole step 
period is at the level of one bodyweight. By performing this calculation on the force 
records, the accuracy of the recording applied force can be additionally checked. The 
recorded average vertical force was consistently within ±2% of the bodyweight as 
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shown in Table 4.3. The average VGRF showed in Table 4.3 is from 15 to 20 steps 
recorded during eight seconds of data acquisition. 
Table 4.3: Summary of results from the comparison between Average VGRF and 
Bodyweight during running at lOkm/h (2-78m/s) and 12km/h (3.33m/s). 
Speed Subject Average VGRF (N) Bodyweight (N) % error 
1 660.1 660.2 -0.02 
2 675.3 673.0 +0.34 
12km/h 3 623.9 612.3 +1.90 
4 708.2 704.5 +0.52 
5 691.3 689.1 +0.32 
1 621.0 613.0 +1.30 
2 649.1 662.4 -2.01 
lOkm/h 3 701.9 704.7 -0.40 
4 663.3 668.6 -0.80 
5 680.2 675.0 +0.77 
The test discussed earlier (presented in Figure 4.2 5) served to give some indication 
of the speed influence on the friction coefficient values. Using the results from this 
test an attempt to correct the horizontal force (Fy) measured according to the foot 
contact was made. Figure 4.27 gives an example of the relationship between speed 
variation and vertical ground reaction force during stance phase. The data shown in 
Figure 4.27 was derived from eight seconds of data acquisition from a subject 
running at l2km/h. The VGRF curve was averaged using the SPLINE algorithm (see 
Section 5.2) from 10 consecutive left foot contacts. Also the average speed variation 
for the equivalent foot contacts was calculated and fitted with a polynomial equation 
curve, to better represent such change. 
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Figure 4.27: Average values of the vertical ground reaction force and speed variation 
during stance phase for a person running at l2km/h (3.3 3 m/s) - (speed3: averaged 
speed; FzL(12): averaged left foot VGRF; Poly(speed3): speed polynimial best-fit). 
As mentioned before data presenting the friction forces between the treadmill belt- 
bed (horizontal force -y direction) at different speeds were available from previous 
test (Figure 4.25). Moreover, horizontal forces (combining friction force and the 
horizontal force at foot contact - Fy) were available at two different running speeds. 
. et'(C' After a preliminary check of this data it was speculated that'ý"tould be a relationship 
between friction coefficients, treadmill belt speed and percentage of stance phase. On 
trying to estimate such a relationship a detailed examination was then undertaken and 
the first approximation is show in Figure 4.28. 
Figure 4.28: Friction coefficient vs. percentage of stance phase. 
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This approximation was made to cover speeds between 10 and 12km/h. A 
polynomial best-fit was applied to the data shown in Figure 4.28 and an equation for 
the kinetic coefficient of friction was derived as: 
pk = 0.0 148 + 0.0327 - SP - 0.00 11 . Sp2 + 1.1 847E -5- SP' - 4.5088E -8. Sp4 (4.13) 
where: pkis the kinetic coefficient of friction; 
SP is the percentage of the stance phase. 
From Equation 4.12, the corrected Fy can be calculated as follows: 
(4.14) Fy, or. = 
Fy - (F 'Pk) 
where: FYcor. is the corrected horizontal force (y direction); 
Fy is the horizontal force previously calculated; 
Fz is the vertical ground reaction force; 
pk is the kinetic coefficient of friction, as function of the stance phase. 
In order to check the accuracy of Equations 4.13 and 4.14, a correction routine was 
implemented in the treadmill software and data from different subjects at two 
different running speeds was processed several times. A preliminary result is 
illustrated in Figure 4.29. It is important to clarify that the correction is only applied 
after the force averaging had been done, once the coefficient of friction was 
calculated to be relating to stance phase. 
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Figure 4.29: Averaged ground reaction forces (14 strides) for a person running at 
12km/h (3.33m/s) - (FzL, ) FhL, FxL, FyL) left limb 
forces; (FzF, FhF, FxF, FyR) 
right limb forces. 
Figure 4.29 gives the right and left averaged ground reaction forces (14 foot contacts 
per foot), note that the two blue curves (FyL and FyR) represent the corrected 
horizontal force (Fy), which shows a good similarity with the expected antero- 
posterior GRF. 
The suggested method was tested on running data recorded from seven different 
normal subjects. Although some of the results were encouraging (e. g. Figure 4.29), 
others were less convincing, e. g. Fy presenting no change in sign (e. g. only 
"propulsion") during the stance phase. 
These findings suggest that further investigation is needed in order to get more 
information about the friction behaviour and be able to validate the method. One 
option would be to develop empirical friction studies, e. g. build a small rig 
reproducing the treadmill bed and belt conditions (i. e. using identical materials) and 
measure the actual coefficient of friction at different speeds. 
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5. SOFTWARE DEVELOPMENT 
Having developed the instrumented treadmill, software was written to enable its 
application in the amputee running analysis. In this chapter, the basic structure and 
algorithms of the treadmill software are described. 
A suite of software applications for the monitoring, acquisition (FRUN. 11b) and 
analysis (SPLINE. 11b) of data complement the treadmill hardware. All the 
programmes were written in a graphical programming language (LabVIEW 3.1.1 and 
5.0 - National Instruments) and run under Windows 95. The use of LabVIEW had 
significant advantages over conventional languages and other control and data 
acquisition packages: quick prototypes as well as finished systems can be checked, 
modified, processed, tested and delivered in a very short time; the graphical user 
interface is built in, it is intuitive in operation, simple to apply and very user-friendly; 
many important high-level operations have been encapsulated in convenient virtual 
libraries (VI) for quick application; and it is relatively easy and quick to debug the 
code. 
LabVIEW is a programme development environment, different from the other 
programming systems that use text-based languages to create lines of code, in that 
LabVIEW uses a graphical programming language, G, to create programmes in block 
diagram form. It is a general-purpose programming system, but it also includes 
libraries of functions and development tools designed specifically for data 
acquisition and instrument control. LabVIEW programmes are called virtual 
instruments (VIs) because their appearance and operation can imitate actual 
instruments. A virtual instrument (VI) is a programme in the graphical programming 
language G, which is an interactive user interface, a dataflow diagram that serves as 
source code, and icon connections that allow the VI to be called from higher-level 
VIS. 
The treadmill software consists of two VI libraries: FRUN. 11b and SPLINE. 11b. 
The FRUN. 11b application enables the acquisition, presentation, manipulation and 
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storage of data from the treadmill system. It has a simple graphical level meter, 
which displays and continuously updates, the outputs from each force axis on the 
force platform. The programme is used primarily to check signal levels and 
connections prior to a trial session. Data acquisition is conducted at a rate, and for a 
maximum duration, controlled by the user. Force graphs are plotted on-screen along 
with the speed variation during foot contacts and distance covered by the subject. 
Data can be stored as well as exported in a text format, to be manipulated later in a 
spreadsheet Programme for different displays of graphs and charts (Figure 5.1). The 
SPLINE. 11b application enables separation of the foot contacts in left and right 
feet as well as averaging the multiple foot contacts. 
Elie Edit Uperate 
- 
Controls Mfindows Ie3, d fielp 
2481053 01711,71 
device ý-"C sampling reros/1 "VOIS Pbl PosifiqnLm -MIJ 
channels ýFO _ eigkt 
1_49dy w (13- 
0 2- 
OPL 
V4 
1000.0 
900.0- 
x 
aTE1Tg raW (H; yj samplingl i 
. 
0.1 IV3 800.0 - 
_ _ ýb channels 0.0 
1 
V2 700JD- 
zero bme PAýGc les/channel -01 
V1 500.0- 
® 
i0dio-11 412 H4 400.0 - 
sam"I intervaJ (sac) 4E] 
sample lime 
A3 
0 5D IOD 
H 
NJ 
H3 
H2 
1 Hi 
3DOD 
200D- 
100.0 
ForcejM. 0.0 05 
r 
In 1.5 2JO 25 3.0 
1300.0 FM ww d@4 off-WI 
1 rap 71: 
- FV i 
1000.0- 
M 
RN 
- 
1 
SPd counted 
T aoo- FO 8-0 01 9MjO - 
8OOJD Z90- distanMil 
7WJD C, 162 
Z80- 
800JO Ay. sjpe9dj 
SwjO- Z70- i- 
400.0- 
3M. 0- 
Z60- BOChqweighf 
Z50- 
100.0 - Z40- 
0.0- 
-ý -100.0 11 0.0 0-2 0.4 0,6 0.8 1 ýO 12 1.4 1.6 2.2 2.4 2S 1.8 2.0 2.0 3ý 
Z30- 
0.0 CL 5 1.0 1.5 z0 z53.0 
_ _ _ _ _ _ Time (s) - EkaI ýýj PA-j Time ts) 
PY-1 
Figure 5.1: Standard graphical output of the treadmill software, showing: vertical and 
horizontal forces, position of application of force and belt speed graphs. 
The application provides graphical and numerical outputs based on the acquired data. 
The graphical output consists of graphs of the vertical force, the two horizontal 
forces, a graph of the positions of application of force and a graph of the belt speed 
over the acquisition time. The main chart combines the forces, the point of 
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application of force, belt speed and voltage outputs graphs on one screen, as shown 
in Figure 5.1. 
The scale for each graph is set automatically such that all the feet contact data is 
displayed as largely as possible in the available space. However, the scale on all the 
graphs can be set manually. 
5.1. LOGICAL ALGORITHM 
The FRUN. 11b programme consists of a loop that receives, and processes messages 
from the system, other processes, other windows and from the user. User event 
messages are generated when the user presses buttons or uses the mouse or keyboard. 
The general programme block diagram is as shown in Figure 5.2. 
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Figure 5.2: Block diagram of FRUN. 11b programme. 
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The zero acquisition is usually a two second record of data, which will be averaged 
to give zero readings for the platform and it is therefore vital that the platform be 
unloaded throughout this procedure. It is crucial after each data acquisition to check 
the channels voltage plot and make sure that the 'zero' values are within a range of 
0.3. If not a more careful check should be done on the platform connections. 
The Bodyweight acquisition is also a two second data recording and averaging to 
give the subjects body weight, i. e. the statically applied vertical force. The subject to 
be weighed should be relaxed, comfortable and standing still on the platform facing 
the treadmill front. 
Once the platform has been successfully zeroed and, preferably, the subject's weight 
has been measured, the acquisition of gait data can commence. Gait data will be 
acquired according to the parameters pre-set. The sampling rate (Hz) is the actual 
sample rate of the data acquisition board across the nine input channels. The 
programme will ask whether the current data set should be processed and the raw 
data saved. Also after each acquisition the current data can, if desired, be saved by 
pressing the SAVE button. After each data acquisition a re-zero of the system should 
be taken. 
Once sampling has been terminated, a graph of the belt speed will be displayed, after 
which the user will have to choose what analysis to process (running or walking). 
The running processing is the standard choice, as the walking force calculation 
applies the algorithm developed by Davis and Cavanagh [1993] to separate the 
individual foot vertical forces for use with treadmill measurements, and it has not yet 
been validated to be used with the present treadmill. These calculations rely on the 
location and velocity of the centre of pressure to determine the time of single and 
double support. 
An XY graph indicates the feet position (centre of application of force - see 
equations Section 4.2) on the platform during the acquisition time; the user should 
select which was the first left footstep (step 2 or 3). These choices are made 
through dialog boxes. 
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The raw gait data is saved, along with information such as the date, time, sampling 
rate, sampling time, bodyweight, first left step, distance, speed/pulse. The saved files 
are text files and can be read as a normal TXT. 
As soon as the data of a running trial has been acquired, and considering an 
acquisition time between 5 and 12 seconds, typically there will be around 12 foot 
contacts for each foot. It is commonplace, when having a number of measurements 
of quantity, to take the average as the better estimate of that quantity than any of the 
individual measured values. In this work cubic spline functions are used to provide a 
means for finding a smooth approximation to the data. 
Spline is a function of an independent variable, x, such that at any one point its value 
is given by polynomial a in x. However, the polynomial at one point, xi, is not 
necessarily the same as the polynomial at another point, xj. The most important 
property of the spline function is that it is a continuous function, one or more of its 
derivatives may also be continuous [Diercky, 1996]. 
The SPLINE. 11b programme implements the Spline function approximation in the 
running data, resulting in averaged ground reaction force curves graphed along the 
percentage of stance phase. The block diagram of this programme is presented in 
Figure 5.3. 
The SPLINE. 11b is also responsible for calculating the average stance phase for 
each foot and average stride length, applying the following equation: 
ASL(m) = AST(s) - ASP(m / s) 
where: ASL is the average stride length; 
AST is the average stride time; 
ASP is the average speed. 
(5.1) 
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Figure 5.3: Block diagram of SPLINE. 11 b programme. 
5.2. PROGRAMME STRUCTURE - ROUTINES 
The LabVIEW library, FRUN. 11b consists of seven subVIs, while the 
SPLINE. 11b is made up of five subVls. Each subVI is briefly explained in the 
following paragraphs. 
SubVls from the FRUN. 11b library: 
(1) AI Acquire Waveforms. vi : Acquires the specified number of scans at the 
specified scan rate and returns all the data acquired. 
(2) Average Voltage-vi : Accepts raw 2D-voltage array from a DAQ scan function 
and averages each channel's data into a single value. 
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(3) Threshold Peak Detector. vi : Analyses the input sequence X for valid peaks and 
keeps a count of the number of peaks encountered and a record of indices which 
locate the points at which the threshold was exceeded in a valid peak. 
(4) M average. vi : Simple moving average VI. User can alter window width and 
overlap parameters. First point will be erroneous and so will last point in array. 
(5) F9CV4N. vi : Main VI,, manages the whole acquisition process. It contains the 
standard window entry point and standard application initialisation parameters. 
(6) RUNFOR22. vi : Handles the calculation of the forces for running from the 
measured data, and is responsible for the averaging of the multiple steps in order 
to reduce the large amount of data to more meaningful information. It is in this 
VI that corrections of the forces are made, applying the surfaces equations 
presented in Section 4.1. Also, it is at this stage that the force data is averaged, to 
reduce the effective sampling rate and to reduce the effect of noise/interference 
on derived parameters. 
(7) XYvi : Calculates the position of application of force by combining the vertical 
forces. The equations used for this processing are the ones presented in Section 
4.1. The position of application of force is averaged in the same way as the force 
data by applying the M average. vi. 
SubVls from the SPLINE. 11b library: 
(1) Spline Interpolation. vi : performs cubic spline interpolation using a tabulated 
function in the form of Yi=f(xd for i=O, I, -, n-1, given the second 
derivatives. 
The data is passed as references to two input arrays containing the x and y 
ordinates. An interpolation is performed such that when given ax ordinate returns 
the interpolate y ordinate at that value. The spline function takes as arguments 
references to the x and y ordinate array, a reference to the second derivatives 
(calculated using Interpolant that the VI obtains from the Spline Interpolant. vi). 
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(2) Spline Interpolantm : calculates the second derivative of the cubic spline 
interpolating function. Returns an array Interpolant, which contains the second 
derivatives of the spline interpolating function g(x) at the tabulated points , where 
i=O, n-1. Input arrays x array and y array are of length n and contain a 
tabulated function, f(xd=Yi, with xo<xl< ... <xn-I initial boundary and final 
boundary are the first derivative of the interpolating function g(x) at points 0 and 
n-1, respectively. 
(3) Stance. vi : finds the start and end of the stance phases, taking into account the 
high and low vertical force thresholds set before the force data loading. 
(4) Treadmill--Vline3M : processes the spline of the selected data (left or right foot 
contacts) and plots Force vs. % ofstance graph, showing the three components of 
the ground reaction force, including the corrected horizontal force (Fap). 
Additionally the average stance time for the respective foot is calculated. Figure 
5.4 shows an example screen of this application. 
(5) Treadmill--Vline4. vi : processes the spline of the selected data (left and right foot 
contacts) and plots Force vs. % of stance graph, displaying the vertical 
component of the ground reaction force only, along with the maximum, 
minimum and averaged values of both feet. The average stance times for left and 
right contacts are also calculated. Figure 5.5 exemplifies a window of this 
application. 
Finally, the applications shown in this chapter are a collection of VIs that control 
specific operations, such as acquiring, processing, manipulating, writing and reading 
data. Furthermore, any of the force output records have an appropriated text forinat 
layout that can easily be open in a spreadsheet, making them printable files. These 
applications (treadmill software) are supplied on a CD-ROM. 
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6. EVALUATION OF THE TREADMILL 
The purpose of the pilot study reported here was to evaluate the developed system 
for assessing and providing gait information from subjects running on a motorised 
treadmill. Also to investigate the applicability of the measurement protocol suggested 
for this study on the evaluation of different prosthetic limb settings. This could then 
be followed by a more comprehensive study at a later date, intending a more 
quantitative analysis (as amputee patients are currently evaluated in a subjective 
manner by trained prosthetists). Gait parameters of five non-amputee and two 
unilateral amputee subjects were measured. This chapter describes the methodology 
adopted in developing the subject's trials followed by data analysis and discussion. 
6.1. NON-AMPUTEES 
Five non-amputee subjects, aged 28 years to 36 years, with a mean of 29.8 years, 
were tested using the treadmill system. The subjects gave free informed consent and 
were accepted to participate in this study. They had no history of neuromuscular or 
musculoskeletal problems that may have affected their running patterns. Subjects 
wore their own running shoes and comfortable clothes during the experimental 
session. All subjects were judged to be leisure runners, able to tolerate the minimum 
of 10 minutes of treadmill j ogging/running necessary to complete the testing. Table 
6.1 shows the subjects bodyweights and heights. 
Table 6.1: Characteristics of the five non-amputee subjects measured. 
Subject Body Weight (N) Height (m) 
1 615 1.67 
2 660 1.70 
3 675 1.75 
4 705 1.84 
5 680 1.82 
Mean 667 1.76 
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6.1-1. Protocol 
Each subject was familiarised with the experiment procedures and asked to stand still 
on the middle of the treadmill measuring area, while data for the body weight 
measurement was collected. This was followed by a few minutes of walking to 
acclimatise to the treadmill. After that a three minute period of comfortable jogging 
was given for habituation to the treadmill running trial. The speed was then increased 
to allow three minutes of running at lOkm/h (2.78m/s) followed by another three 
minutes at 12km/h (3.33m/s). 
Previous studies by Bates et aL, (19831 suggested that a minimum of eight successful 
trials are necessary to obtain reasonably reliable mean values when comparing 
sub . ects or the various force curve parameters. Based on this eight seconds of data, 9 
representing 10 to 12 consecutive complete strides of running (i. e. at least 10 foot 
contacts per foot) were collected for all subjects. The acquisition took place during 
the last minute of running at each of the two specified speeds. 
Three symmetry variables were quantified for differences between left and right 
limbs from the treadmill data: first vertical force peak (SII); second vertical force 
peak (SI2) and stance time (SIt). The SI, variable was calculated to determine if the 
sub ects tended to have a higher impact force on either foot at heel strike; SI2 was 
evaluated to determine the effects of different speed on the highest vertical force 
peak; and SIt was examined to determine the effects of speeds on the duration period 
at running. Additionally, the stride time (S7), stride length (SL), average speed (AS) 
and average vertical force (A Vf) were calculated. 
6.1.2. Data Analysis and Discussion 
The values presented in Tables 6.2 and 6.3 are means of a given gait variable for all 
the right and left contacts for the two experimental trials executed. The averaged 
values for the gait parameters were found using the SPLINE routine presented in 
Chapter 5. 
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Table 6.2: Results for five normal subjects running at I Okm/h (2.78m/s). 
Subjects 
Parameters 1 2 3 4 5 
Sil(%) 2.90 -5.40 0 -3.90 -6.90 
SI2(%) 4.30 1.80 6.70 2.20 0 
SISt (%) -4.00 0 -7.00 0 3.60 
ST (s) 0.75 0.70 0.70 0.80 0.70 
SL (m) 2.00 1.90 2.00 2.00 1.70 
AS (m/s) 2.70 2.55 2.70 2.60 2.60 
AVF(N) 620 650 685 690 670 
Table 6.3: Results for five normal subjects running at 12km/h (3.33m/s). 
Subjects 
Parameters 1 2 3 4 5 
Sil(%) -2.90 0 -5.40 0 5.70 
SI2(%) 
-4.30 -3.60 -6.45 -4.10 2.90 
SISt (%) -4.40 -4.40 3.90 3.80 0 
ST (s) 0.70 0.70 0.70 0.80 0.65 
SL (m) 2.30 2.30 2.20 2.40 2.20 
AS (m/s) 3.20 3.10 3.10 3.05 3.35 
AVF(N) 620 660 690 695 690 
The data in Tables 61 and 6.3 indicate that all of the asymmetries quantified for 
normal subjects were less than 7%, which meets the acceptable symmetry limits 
(<10%) proposed by Giakas and Baltzopoulos [1997]. For the lOkm/h trial the 
average stride time was 0.73s compared with 0.71s for the l2km/h trial. The stride 
length gave average values of 1.92m and 2.28m for the 10 and 12kni/h trials, 
respectively. While the average speeds were 2.62m/s and 3.15m/s. The average 
vertical force was within ±2.5% of the subjects' bodyweight. As expected, for an 
increase in running speed, the stride time decreased while the stride length increased, 
showing an agreement with previous studies [Cavanagh, 1990]. 
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The inter-subject variability for the first and second VGRF peaks at both running 
speeds was found to be up to ±20%, and for the stance time ±9%. The intra-subject 
variability was also examined, for the same parameters, and the maximum values 
were ±14%, ±8% and ±4% for the first VGRF peak, second VGRF peak and stance 
time, respectively. 
Based on the first VGRF peak data it appeared that the subjects generated slight 
differences when comparing feet, e. g. three subjects had higher peaks on the left foot 
and the other two on the right one. Focusing on the results from the second VGRF 
peak, there was an indication that the values increased by only a small amount (up to 
2%) as the speed increased. 
Figure 6.1 shows the averaged vertical ground reaction force, for 12 consecutive 
complete strides, from one subject when running on the treadmill at 10 and 12 km/h. 
Non-mputee subject running 
2.5 
-- --------- 2.3 1 Okmth - Left 
1 OlTiVh - Right 1 
2.1 12ýorVh - Left 
----- 12Wi/h - Right 
1.9- 
1.7 - 
1.3- 
U. 
0.9- 
0.7 - 
0.5- 
0.3- 
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% of stance phase 
Figure 6.1: Averaged vertical ground reaction force of a non-amputee subject 
running at two different speeds -I Okm/h and l2km/h (2.78m/s and 3.33m/s). 
It has been shown that for the adult subject group examined, the treadmill system is 
able to capture on average 24 foot contacts within eight seconds of data collection, 
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thus demonstrating that one of the primary proposed advantages of a instrumented 
treadmill (i. e. the recording of a fairly good number of foot contacts with a minimum 
data acquisition time) can be achieved during running trials. With the recording of 
such a number of foot contacts, a set of useful running gait parameters (including 
stride time,, stride length and running speed) may be derived. 
The subjects were informally asked to give their views on the treadmill trial itself, all 
of them felt reasonably comfortable when running on the treadmill, they all had some 
treadmill running experience, though. The subjects were not advised where to place 
themselves when running, however all subjects tended to have their heel-strikes at 
the very front part of the platform (Y position between 200 and 300mm), making the 
foot contact within the rectangle formed by the load cells centre (i. e. the more 
accurate area). 
6.2. AMPUTEES 
At the first instance the amputee trial was to be carried out with below-knee (13K) 
amputee subjects only, they were selected rather than above-knee (AK) amputees to 
avoid the influence of the artificial knee mechanisms on the gait pattern (i. e. less 
components to vary). However after consulting with an external bioengineer, his 
opinion was that having both typi? of amputation (BK and AK) would be a better way 
of testing the outcomes of the treadmill. The pilot study was then designed aiming to 
get as much information as possible from all sources, concerning technical, patient 
and data feedback. The treadmill was used to measure parameters of gait symmetry 
during amputee running events. Data from one BK and one AK amputee subjects 
was collected at a comfortable jogging speed. 
The basic selection criteria for the amputee study was that the subjects should be able 
to tolerate the minimum of 25 minutes of walking and 20 minutes of jogging on the 
treadmill necessary to complete the testing (regular leisure runners), with respective 
resting time and they should have no neurological or orthopaedic disabilities other 
than their amputation. 
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6.2.1. Below-knee Trial 
Data was taken with a male adult left trans-tibial (BK), aged 43 years, height 1-78m, 
mass 92kg, who had been wearing his prosthesis for 3 months. The cause of 
amputation was traumatic rather than vascular. The prosthetic limb consisted of a 
supracondylar socket, with silicon liner, TeleTorsion device (linked to the socket 
with a 4-bolt pyramid), Multiflex ankle and Dynamic Response prosthetic foot (with 
middle setting for spring). The subject was involved with different types of sport 
activities, such as jogging, walking, swimming and cycling, which would be 
practised mostly on a weekly basis. Testing involved different alignments, with and 
without the TeleTorsion device and some different prosthetic feet. 
The TeleTorsion device is a vertical shock pylon and torque absorber in one compact 
package, designed to ensure smooth vertical deceleration at heel strike and an 
improved push-off with any foot system. This unit has a three-grade spring to meet 
patient needs, accommodating both active and moderate activity levels of persons. 
Torsional resilience is controlled by a thermoplastic torsion rod that is available in 
three grades (firm, medium and easy) to facilitate each person's individual 
requirements. 
Before any data collection the subject did a "warm-up" trial for eventual 
acclimatisation to the treadmill and to find a "comfortable" jogging speed, which 
could easily be maintained for the running period. This trial consisted of a few 
minutes of walking and jogging on the treadmill. The chosen speeds were 6km/h 
(1.7m/s) and 9km/h (2.5m/s) for walking and jogging, respectively. 
For the BK session the following protocol was applied in the assessment of the 
amputee running: 
(a) Standing still on the treadmill to get bodyweight; 
(b) Three minutes walking for habituation to the treadmill at a comfortable 
walking speed; 
(c) Three minutes jogging at a comfortable jogging speed, on the alignment he 
presented with (Normal condition - running data set n' 4); 
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(d) Resting for approximately 15 minutes while the prosthetist aligned the limb 
based on observation; 
(e) Repeat stages (a) and (b); 
Three minutes jogging at 9km/h, on the alignment suggested by the 
prosthetist after observation (prosthetic foot was plantar flexed by 5' and set 
at the stiffest position) (Prosthetist suggestion condition - running data set n' 
6); 
(g) Resting for approximately 15 minutes while collected data was reviewed and 
an optimised limb alignment was suggested by external bioengineer; 
(h) Repeat stages (a) and (b); 
(i) Three minutes jogging at 9km/h, on the optimised aligm-nent suggested after 
data analysis review, dorsiflexion was added to the TeleTorsion device and to 
the prosthetic foot (suggested by external bioengineer) (Optimised condition - 
running data set n' 7); 
Removal of the spring from the TeleTorsion device; 
(k) Ten minutes of walking/jogging on the ground for adaptation to the new 
condition; 
(1) Repeat stages (a) and (b); 
(m)Three minutes jogging at 9km/h, without spring in the TeleTorsion device 
(Without spring condition - running data set n' 8); 
(n) Resting for approximately 15 minutes while prosthetist set the Seattle Light 
foot on the prosthetic limb (this prosthetic foot has no dorsi- or plantar- 
flexion adjustment); 
(o) Repeat stage (k), (a) and (b); 
(p) Three minutes jogging at 9km/h, with Seattle Light prosthetic foot (Seattle 
foot - running data set n' 9); 
(q) Resting for approximately 15 minutes while prosthetist set the College Park 
foot together with the in-built ankle on the prosthetic limb (i. e. multiflex 
ankle removed); 
(r) Repeat stage (k), (a) and (b); 
(s) Three minutes jogging at 9km/h, with College Park prosthetic foot (College 
Park foot - running data set n' 10); 
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(t) Resting for approximately 15 minutes while prosthetist set the prosthetic limb 
back to the original configuration, including cosmetic appearance and the 
softest setting on the prosthetic foot; 
(U) Repeat stages (k), (a) and (b); 
(v) Three minutes jogging at 9km/h, with original settings (Original condition - 
running data set n' 11). 
Ten seconds of data, representing 14 to 16 complete strides, was collected for each 
jogging trial. Within each resting time the subject was asked to complete a one-page 
questionnaire, expressing his views on the prosthetic limb and the treadmill trial (see 
Appendix 1). 
Data acquisition was taken after approximately 2 minutes of the jogging period, 
allowing enough time for a stable pace (habituation to the jogging condition). When 
data acquisition took place the subject did not hold the handrails. The treadmill 
inclination was always 0'. In addition a video-recording system was used, recording 
the sagittal and coronal view of the subject's feet over the data acquisition time. The 
subject was attired in comfortable running shoes, shorts and T-shirt. The study was 
completed within one-day. 
6.2.1.1. Data Analysis and Discussion 
The data in Table 6.4 is from the seven different measurement sessions with the BK 
amputee (Prosthetist suggestion, Optimised, Without spring, Seattle foot, College 
Park foot, Original). The values presented are the averaged values of the vertical 
ground reaction force obtained from the raw force data after analysing with the 
SPLINE algorithm (Section 5.2). 
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Table 6A Results for BK subject jogging at 9km/h 
(C = contralateral limb, P= prosthetic limb, X= no I" peak). 
1st peak 2 nd peak 
Conditions Mean Max Min Mean Max Min 
Prosthetist C 1.60 2.00 1.40 2.00 2.10 1.90 
Suggestion P 1.20 1.40 1.00 1.60 1.70 1.50 
Optimised C 1.50 1.80 1.25 1.90 2.10 1.80 
P 1.30 1.60 1.00 1.65 1.80 1.50 
Without C 1.40 1.80 1.30 1.90 2.00 1.70 
Spring P 1.40 1.60 1.20 1.50 1.60 1.40 
Seattle C 1.45 1.70 1.30 2.00 2.10 1.90 
Foot P X 1.80 1.95 1.65 
College Park C 1.60 1.80 1.30 1.90 2.00 1.80 
Foot P X 1.80 1.95 1.70 
Original C 1.40 1.60 1.00 2.00 2.10 1.90 
P 1.40 1.70 1.30 1.70 1.90 1.60 
Figures 6.2 and 6.3 graphically present the data for the prosthetic and contralateral 
limbs, respectively, considering 15 consecutive complete strides, for each alignment 
condition tested. 
Five running parameters were derived from the data. They showed the levels of 
symmetry (SI2, SIt), stride time (S7), stride length (SL) and speed (AS) among the 
different alignments and prosthetic feet tested. At this time SI, was not used because 
two of the conditions (Seattle foot and College Park foot - see Table 6.4) tested did 
not present this first vertical force peak. Table 6.5 shows calculated parameters. The 
values used for XR and XL were the average of a given gait variable (highest peak of 
the vertical ground reaction force - SI2 and stance time - SIt) for the seven 
experimental trials executed with the contralateral (right leg) and prosthetic (left leg) 
limbs, respectively. Such averages were obtained applying the SPLINE algorithm. 
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Figure 6.2: Averaged vertical ground reaction force (prosthetic limb) of a below- 
knee amputee subject jogging at 9km/h (2.5m/s). 
Right foot contacts (contralateral limb) 
2.05- 
P. suggestion 
1.85- Optimised 
-w/o spring 
1.65- -Seaftle 
-College 
1.45- -Original 
125- 
Sf 
0 1.05- U. 
0.85- 
0.65- 
4 
010 20 30 40 50 60 70 80 90 100 
% of stance 
Figure 6.3: Averaged vertical ground reaction force (contralateral limb) of a below- 
knee amputee subject jogging at 9km/h (2.5m/s). 
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Table 6.5: Calculated gait parameters from the BK subject jogging trials. 
S12 SIst ST (s) SL (m) AS (m/s) 
ýýIýýroved 22.20 10.90 0.70 1.50 2.20 
Optimised 14.10 4.10 0.65 1.50 2.30 
Without spring 23.50 3.90 0.65 1.50 2.25 
Seattle foot 10.50 0.00 0.70 1.45 2.20 
College P. foot 5.40 -3.90 0.60 1.40 2.25 
Original 16.20 -8.00 0.70 1.50 2.20 
Asymmetry values from Table 6.5 demonstrate that the College Park foot produced 
the highest symmetry in vertical ground reaction force peak compared to the other 
prosthetic feet. The Seattle foot resulted in a greater level of stance time symmetry. 
The highest VGRF peaks variation was up to ±29% for the first peak against ±10% 
for the second peak. The maximum stance time variation was found to be ±7%, at the 
prosthetic limb. 
Results showed that the BK amputee produce a significantly greater amount of force 
under his contralateral foot. Additionally, the first force peak (heel strike impact 
force) on the prosthetic limb occurred after than on the contralateral limb. The 
Without Spring condition presented a flat response on the prosthetic limb, while the 
Seattle and College Park feet eliminated the first peak which was translated in a 
higher second peak force and a more rapidly decrease at push-off. The average 
vertical force was 91 5N, being 2.1 % lower than the subject's bodyweight (93 5N). 
6.2.1.2. Subject Response 
The subject preferred the Seattle Light foot over the College Park and Dynamic 
Response. He stated that the Seattle foot felt very soft, like if he was walking/jogging 
on jelly or in long grass and not much heel strike. His evaluation of this foot showed 
an overall "good" performance when considering the parameters mentioned in the 
questionnaire. 
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The College Park foot did not feel quite as "spongy" as the Seattle one, a springy 
combination gave a more upright position for running which was difficult to adjust 
and caused pressure on the back of the calf muscle of the residual limb. The foot's 
evaluation described a "fair" performance with the spring effect being the most 
representative characteristic. 
Once the acclimatisation period took place and the subject was used to the treadmill 
walking/jogging, the treadmill trial was graded on levels between "acceptable" and 
"good". While in the walking period the subject felt power pulses that tended to 
disrupt his rhythm, the sensation did not progress to the jogging speed, which was 
considered enjoyable. 
6.2.2. Above-knee Trial 
A male adult right trans-femoral (AK) participated in the second amputee running 
trial. The subject aged 41 years, height 1.95m, mass I 10kg, and had been wearing his 
prosthesis for 12 years. The cause of amputation was due to trauma. His running 
prosthetic limb consisted of an ischial containment total contact socket, Endolite Hi- 
activity uniaxial knee with CaTech hydraulic swing and stance control unit with 
Modular III Flexfoot (Figure 6.4). Whereas his standard prosthetic limb was an 
Endolite ESK (Endolite Stabilising Knee) stance flex, IP+ (Intelligent Prosthesis), 
with a Multiflex ankle and Dynamic Response prosthetic foot. The subject was 
occasionally involved in two sports activities, short distance jogging being one of 
them. 
Prior to any data collection the subject walked and jogged on the corridor of the Gait 
Laboratory for approximately 5 minutes, followed by a few minutes walking and 
jogging on the treadmill. During the treadmill trial it was recognised that the subject 
would not be able to release his hands from the handrails while walking or jogging, 
due to the high friction applied to the treadmill belt at foot contact, causing a 
considerable change in the treadmill speed, therefore creating difficulties for running. 
Even though the treadmill would slow down with the subject, it was decided to carry 
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on with the trial in order to evaluate the behaviour of the treadmill when overloaded, 
allowing future suggestions for improvement. The chosen speeds for the trial were 
5km/h (I Am/s) and 7km/h (1.9m/s) for walking and jogging, respectively. 
Figure 6.4: Subject's above-knee running prosthetic limb. 
The AK running trial was proceeded as follows: 
(a) Standing still on the treadmill to get bodyweight; 
(b) Two minutes jogging at a comfortable jogging speed, on the alignment he 
presented with. The stance phase control was taken off to allow consistency 
extension (running data set n' 1); 
(c) Resting for approximately ten minutes while the prosthetist set the new alignment 
to the limb; 
(d) Three minutes walking/jogging on the corridor to try and get used to the new 
condition; 
(e) Repeat stage (a); 
(f) Four minutes jogging at 7km/h. The AP shift was back by 22.5mm, according to 
the bioengineer explanations, this made the foot move backwards and the knee 
more stable. The CaTech control unit was set for swing only (running data set n* 
2 and 3); 
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(g) Repeat stage (c) and (d) and (a); 
(h) Two minutes jogging at 7km/h. The AP shift was forwards by 17mm, so that the 
foot is forward, possibly causing the knee to be more stable than before, as the 
load comes forward (running data set n' 4); 
(i) Repeat stage (c) and (d) and (a); 
) Two minutes jogging at 7krn/h. The AP shift was back by 27.5mm, so that the 
load was more consistent distributed, allowing the amputee to feel almost 
confident to release the handrails (running data set n' 5); 
(k) Repeat stage (c) and (d) and (a); 
(1) Three minutes jogging at 7km/h. The AP shift was back by 22.5mm. The AP tilt 
was plantar flexed by 2'. The alignment suggested was based on the VGRF graph 
analysis, trying to remove the heel load and increase the drop off rate (running 
data set n' 6); 
(m) Repeat stage (c) and (d) and (a); 
(n) Four minutes jogging at 7km/h with his standard limb (although not 
recommended). The IP+ was set to 1/2 step, but not programmed (running data 
set n' 7 and 8); 
Ten seconds of data, representing 14 to 15 complete strides, was collected for each 
jogging trial. Within each resting time the subject was asked to complete a one-page 
questionnaire, expressing his views on the prosthetic limb and on the treadmill itself 
(see Appendix 1). The different settings tested with the prosthetic limb are illustrated 
in Figure 6.5. 
Data acquisition was taken after approximately 2 minutes of the jogging period, 
allowing some time for a more stable pace (habituation to the jogging condition). 
During all trials the subject had to hold on to the handrails, which result in 
distribution of the load between the bars and the treadmill bed. The treadmill 
inclination was always 0'. Additionally a video-reeording system was used, 
recording the sagittal and eoronal view of the subject's feet over the data acquisition 
time. The subject was attired in comfortable sport shoes, shorts and T-shirt. The 
study was completed within one-day. 
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Figure 6.5: Diagram of the different settings tested on the above-knee trials. 
6.2.2.1. Data Analysis and Discussion 
Figures 6.6 and 6.7 show the averaged vertical ground reaction force for the 
prosthetic and contralateral limbs, respectively, from 14 consecutive complete 
strides. The curves illustrate the different settings tested, shifted forwards and 
backwards, tilted by 2' and wearing the standard prosthetic limb. 
Right foot contacts (prosthetic limb) 
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1.95- -backwards 27.5mm 
-tifted 2 degrees 
1.76- 
-standard limb 
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Figure 6.6: Averaged vertical ground reaction force (prosthetic limb) ot an above- 
knee amputee subject jogging at 7km/h (1.94m/s). 
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Figure 6.7: Averaged vertical ground reaction force (contralateral limb) of an above- 
knee amputee subjectjogging at 7km/h (1.94m/s). 
Vertical ground reaction force data revealed that peak forces were lower (ranging 
from 5 to 29%) for the prosthetic limb in comparison with the contralateral limb. The 
contralateral limb force profile indicates a front- foot-running characteristic reflected 
in only one vertical peak, which suggested that modifications to the running style 
might be made to compensate limb loss. For the prosthetic limb, there was a more 
rapid decrease in the push off force, occurring between 50 and 60% of the stance 
phase, whereas the impacts peak within 15%. 
These results, although encouraging, must be interpreted with caution for two 
primary reasons: the loads had been reduced due to the subject's support on the 
handrails, expressed by a decrease of 29% of the average vertical ground reaction 
force compared to bodyweight; the treadmill speed fluctuation caused by the 
overload might had modified the subject's running pattern. 
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6.2.2.2. Sub ect Response i 
The subject expressed that the "running feeling" was partially lost due to the 
treadmill load (weight) restriction, since he had to share some of his weight between 
the treadmill bed and the handrails, which also forced him to go forwards when 
jogging. This condition could be improved if the treadmill measuring area would 
have been wider. 
The tilted alignment was stated as the best alignment over the other tested. Its 
evaluation rate was "good" with respect to comfort, flexibility, spring feel and push 
off phase assistance. It was on this condition that he felt more confident and could 
had released the handrails while jogging. 
The shifted forwards alignment was considered as the worst, stated to be "pretty 
dead" and felt like doing too much effort with no great response. It produced an 
inconsistent pace; the limb felt stiff together with a certain difficulty to get over the 
toe. 
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A novel treadmill with potential for the measurement of 3D GRF has been developed 
for amputee running. A standard motorised treadmill was modified in order to 
measure the ground reaction force underneath the belt. The new treadmill bed 
incorporates a force platform specifically designed and fabricated to fit this purpose. 
The force platform comprises an aluminium. honeycomb panel with a teflon sheet on 
the top; a universal beam frame and four biaxial octagonal strain gauge load cells 
mounted between them. Theoretical and experimental analyses of the system have 
been carried out showing a good agreement between them, giving a deflection of 
0.53mm at full load (3.6kN). On construction, the lowest natural frequency of the 
force platform was measured and found to be 230Hz, making the force platform 
suitable for the investigation of a large number of activities including running. 
Calibration results show that the degree of linearity, crosstalk and hysteresis are 
consistent and repeatable. The design of the force platform proved to be reasonably 
easy and inexpensive. 
The instrumented-treadmill was tested and validated, showing a maximum error of 
±3% in the vertical direction and crosstalk of ±4% to medial-lateral (ML) or anterior- 
posterior (AP) force components. The position of static/quasi-dynamic force 
application could be resolved to within 20mm for the ML axis and 40mm for the AP 
axis. Although not required for the prosthetic foot study, quasi-dynamic tests showed 
that AP and ML forces could be determined with a maximum error of ±5%, with a 
maximum crosstalk to the vertical or the orthogonal horizontal component of ± 10%. 
The dynamic response of the system was experimentally tested in the three 
orthogonal directions. The natural frequencies were 250Hz vertically, 350Hz ML and 
430Hz AP. The background vertical 'noise'was <+-12N when the motor was turned 
off and <-+60N when turned on (no subject on the treadmill). A vibration analysis 
showed a speed dependent, random response component, which can be substantially 
removed (vp to 95 1%) by averaging the foot contacts. 
A suite of software applications has been developed for the testing and calibration of 
the instrumented-treadmill, and for the acquisition, presentation, manipulation and 
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storage of data from the treadmill system. It also enables separation of the foot 
contacts of left and right feet, as well as averaging the multiple foot contacts 
presenting three separated limit curves, maximum, average and minimum VGRF. In 
addition, a set of gait parameters (including stance and stride time, stride length, 
running speed, and left and right foot contacts position) may be derived. The 
software is designed to minimise the difficulty and time associated with the 
derivation of relevant information from the acquired running data. 
The instrumented-treadmill has been used for the measurement of kinetic and 
temporal-spatial running data for both non-amputee and amputee subjects. 
Preliminary results as well as the feedback comments from the subjects, prosthetists 
and bioengineer suggested that the instrumented-treadmill is appropriate for the 
measurement of the running gait of adult subjects and in particular for prosthetic 
limb optimisation. 
For heavy subjects, i. e. bodyweight greater than 950N, the applicability of the 
instrumented-treadmill has been found to be difficult to measure,, depending on the 
characteristics of a particular subject on adapting with the treadmill running. As may 
be expected, the instrumented-treadmill is not directly suitable for walking data 
collection. Software development for the analysis of walking data has been 
implemented using the algorithm suggested by Davis and Cavanagh [1993] to 
separate the individual foot vertical forces for use with a force-treadmill during 
human walking, when both feet are on the ground for at least part of the stride cycle. 
Though vnore Iýordu96 tests are still required. 
7.1. FURTHER DEVELOPMENT OF THE INSTRUMENTED-TREADMILL 
It is possible that the friction force in the AP direction is due in part to the fact that 
forces, which have originated between treadmill belt and deck, might follow a more 
complex concept rather than the classical Coulomb laws of friction. It would 
therefore be necessary to develop empirical measurements under the actual 
151 
7. CONCLUSIONS AND FURTHER WORK 
conditions [VanGheluwe and Deporte, 1992] to detennine the appropriate 
relationship. As has been shown by Valiant [1993] the frictional resistance depends 
on both normal load and on area of contact, demonstrating a predictable non- 
Coulomb friction. Additionally, the initial study developed to evaluate the friction 
coefficient relationship with treadmill speed and stance phase was inconclusive due 
to the limited tests performed. A more comprehensive experimental approach (e. g. 
that suggested in Section 4.6) might be used to provide the information necessary to 
give insight into the questions identified. 
Regarding the difficulties associated with heavy subject's and friction force 
generation, some of the modem commercial treadmills feature shock absorbing 
systems, which are tuned to a runner's stride to provide optimal performance and 
shock absorption in the vertical direction (e. g. floating deck in the vertical plane). 
The treadmill belt and slider deck are specifically function designed and tested in- 
house to give the highest performance, applying last generation materials. The 
treadmill belt is a sandwich of four separate layers ("4-ply") bonded together, based 
on: Polyvinyl Chloride (PVC - anti-skid layer); and High Density Polyester Weave 
Fabric (PES - multi-filament fibres with graphite threads) providing low friction, 
high wear resistance and electricity conduction, reducing static charge build-up. The 
slider deck is aV thick Medium Density Fibreboard (MDF) filled with two layers of 
a Phenolic coating, and then coated with a specially developed wax impregnated with 
silicone and TFE lubricants. The final component in the belt/deck system is the 
lubricant. Again, it is specially developed to reduce friction between the belt and 
deck surfaces. It consists of several layers of silicone and wax lubricants dissolved in 
a strong solvent, which carries the lubricant into the belt then evaporates away. The 
treadmill is initially pre-treated with it, and re-appliance is advised monthly. These 
features may help with the difficulties mentioned previously, though affecting the 
final results (e. g. reducing the GRF peak values). 
To reduce the power and torque requirements of the motor and belt/bed friction the 
use of Teflon (PTFE) rather than UHMWPE (ultrahigh molecular weight 
polyethylene) should be investigated. UHMWPE had shown problems such as 
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wearing and melting (with heavy subjects), while PFTE works much better regards to 
heat, however it does wear out, which would necessitate regular replacement, 
according with the treadmill use. 
The use of the instrumented-treadmill with heavier sub ects requires further j 
investigation, such as increasing the motor power along with the controller and 
different handrail designs. With the subject holding the handrails, the effect on the 
subject would have to be considered and the amount of weight being supported by 
the handrails is not known. Any change in the ground reaction force profile recorded 
between trials could be due to change in the use of the handrails rather than a change 
in the function of the lower limb. However, temporal and spatial data could still be 
acquired. 
If higher speed running studies were to be conducted, it would be necessary to 
increase the motor power. However, some thought should be given before 
redesigning for speeds higher than 18km/h (5m/s), i. e. upper limit of the distance 
running speed range. First, treadmill running at these speeds is not as physiologically 
stressful as overground running and will probably not result in the same 
physiological improvement (e. g. muscle strength, state of training) that can be 
attained with overground training. Second, certain aspects of an individual's treadmill 
running technique do differ from the technique used by the same individual during 
overground running, such as body movement pattern. Whether the running technique 
used in treadmill training would be advantageous or even carried over to overground 
running is not known at this time. It is quite possible that the differences in running 
techniques involved with treadmill running would permit some runners to exhibit 
faster stride frequencies. The fact that the runner's pace can be controlled externally 
points to some interesting possibilities for training the subject at different running 
speeds (e. g. sprinters can be trained at faster speeds during treadmill running and be 
able to maintain these at OVGR sprinting, improving their running condition). 
It may be of particular interest to level the treadmill with the surrounding floor, 
which might increase subject's running confidence and overground similarity. Non- 
slippery surfaces would be evenly placed on each side of the moving belt (treadmill 
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bed), ensuring safe 'on' and 'off movements for subjects. Handrails may also be 
laterally mounted unlinked to the treadmill frame. 
7.2. DATABASE OF RUNNING GAIT 
It would be useful to develop a database of normal running gait for the treadmill. 
Comparison of the data with that from other works would, if mutually agreed, give 
further grounds for confidence in the use of the instrumented- treadmill as a running 
gait measurement tool. In addition, it would be useful to have normal data, for a 
range of ages and running speeds, with which to compare the amputee running data 
acquired during research assessments. The database could be included with the 
instrumented-treadmill software for immediate recall and comparison with the data 
on screen. In particular,, normalised (to percentage of contact time) average force 
profiles for the ground reaction force could be derived (along with an appropriate 
error band, say maximum and minimum force values). Individual or average force 
profiles from pathological gait sessioncould then be normalised and compared with 
the normal profiles. This could also point towards identifying interactions (i. e. 
general relationships) between different types of variables, which would aid in the 
variable selection for further in-depth studies. 
Further developments on the treadmill software could include more rapid calculation 
of the symmetry indices and full implementation of the walking algorithm and shear 
forces calculation. The current data acquisition and analysis is a two stage process, 
requiring interaction between two software suites, which can take up to 3 minutes for 
8 seconds of data to process. In order for the instrumented treadmill to be clinically 
useful the software used to acquire the treadmill data should be able to transform that 
data into information useful to the clinician quickly, easily and reliably. 
7.3. MEASUREMENT TRIALS 
Although at least three minutes were given to familiarise subjects with the treadmill, 
this may have been inadequate. Wall and Charteris [1981] suggest that to ensure 
treadmill habituation, a minimum practice period of I hour is required. They also 
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recommended not recording during the first two minutes of a session. Further 
investigation should be conducted to confirm these results. 
Since the primary goal of the running trials was to determine if an instrumented 
treadmill could be positively used as a tool for amputee running evaluation, and since 
the results were favourable; additional trials should increase the confidence on that 
assumption, aiding with the questions of long term prosthetic limbs evaluation. 
7.4. OTHER APPLICATIONS 
Notwithstanding that the instrumented-treadmill has been designed especially for this 
project, the equipment might prove to be useful during rehabilitation of clinical 
patients. It could also be used for biornechanics of gait transitions, adjustment of 
prosthesis alignment and standard locomotion experiments. A clinical evaluation of 
fatigue mechanics can be tested by setting the treadmill speed at a steady but 
exhausting speed and collecting force data at regular intervals and the mechanics of 
perturbations of normal gait, such as an altered stride frequency and grade running, 
by inclining the treadmill. Diagnostic measurement of recovery from injuries, 
predisposition to injuries, and left-right asymmetries are made much easier. Real- 
time force collection and feedback to runners for injury prevention and/or technique 
improvement may also prove useful. Additionally an instrumented-treadmill is useful 
as an ergometer [Cavagna; 1975] that allows the researcher to measure the 
mechanical work performed on the centre of mass during locomotion, when the 
summed ground reaction force from both feet is necessary. 
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Appendix D: Belt specifications 
SOUTHERN BELTING LTD. 
Garos Works, Pennant Park, 
Fareham Industrial Park, Fareham, Hampshire P016 8XU 
Tel: (01329) 822929 (5 lines) Fax: (01329) 825445 
Soflight Elevator Belting - Conveyor Belting - Chrome Nylon & All Transmission Se, t, r. g - Vee Belts & A, 'hed Products 
Our Ref: DHBIDS PLI & FVC Extrusions - Sealed Edge Belting 
APPLICATION " Conveying tobacco and lea 
" Conveying fruits and vegetables 
" Conveying light boxes in packaging lines 
" On airports as weighing belt 
" in mail-orderhouses, stores etc. 
" Etc. 
CONSTRUCTION 2-plies polyester fabric with great transversal rigidity. 
Topside: 0,41 mm pvc, shore A hardness 80. 
Bottornside: very low friction fabric 
THICKNESS 2.0 mm (approx) 
WEIGHT 2,4 kg/m2 (approx) 
WIDTH - MAXIMUM 2000 mm (fnax) 
BELT SUPPORT Sliding bed and rollers; flat 
RECOMMENDED BELT TENSION 4-7 N1mm belt width, which is equal to 0,4-0,7% elongation 
MINIMUM PULLEY DIAMETERS Flexing: 25 mm. 
Back flexing: 50 mm 
TEMPERATURE RANGE - 10 to +90'C. 
CHARACTERISTICS 0 Odourless and taste free 
0 Good resistance to acids, salts and bases, except when 
highly coocentrated 
e Limited rosistance to oils. fats and solvents 
0 Antistatic 
PROFILING, CLEATING, TRACKING 
STRIPS ETC., See separate specification sheel(s) 
FRICTION COEFFICIENT 0,20 
REMARKS - The given information applies to 20'C. 
- Minimum pulley diameters for a hot-vulcanized joint 
at the recommended belt tension. 
- We reserve the right to after specifications without prior 
notice. 
P'11 
NOTES All figtifes which are average values from tests. are given as a guide to Belf selection Conveyor 
destgn should not be undertaken w1houl full consdwation of at lacicn; 
opefahncj, n Lonjunction and subjýclýd to the effects of working c0iditicns 
CO EFFICIENT OF FnICTtON Average static value nor a design. n all condito,, s 
MINIMUM PULLEY DIAMETER Absolute minimum. retailed to bett fleving %treýs rotdr, -,, ng 
TAKE UP Subtect to correct initial litisng and tensiorvngand tho rernoval of any Shrinkagn, m)l a ma-um. roallow. ince made lor severe 
fl-soig stresses i, ld adve, %e fKxI-g 
condit, ons 
TEPAPEnA TURE RAPJ(-, E E. I, e-p hrnits. bells s), ould cperafn wIlhin the m-mum and -a, -Rljm 
25 Yl 
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Appendix E: Aluminium Honeycomb Profile 
Produc. ý. -P-Tjo pte 
Nil : 1: NJ P (Th \) 
CELLITE METAL AND FIBRE PANELS 
The Cellite Honeycomb Sandwich Panel derives its unique characteristics from its 
construction, which consists of a honeycomb core material bonded between different 
facing skins. By tailoring the separate elements to suit individual criteria the resulting 
advantages can be used for numerous applications where high stiffness and low 
weight are particular requirements. 
Whilst Technical Resin Bonders expertise is undoubtedly in the tailoring of bespoke 
components using various bonding and fabricating techniques, it also offers a range 
of Standard Cellite Metal and Fibre Panels from stock. 
C ELLITEMETAL PANELS 
SIZE 2440 x 1220mm (8'x 4) 
SKIN TYPE Aluminium Alloy NS4 H6 
SKIN THICKNESS 0.55mm 
CORE TYPE 6.35mm (1/4") cell size 
5.20 pounds per cubic foot density 
3003 series aluminium, treated to provide excellent 
protection to corrosive atmospheres 
ADHESIVE TYPE High strength, hot curing epoxy adhesive system with 
excellent fatigue resistance and good strength retention 
at elevated temperatures 
PANEL THICKNESS There are three thicknesses available from stock. 
These are shown below as overall thickness as well as 
core thickness. The thickness of the core has been 
specifically chosen so that 'standard aluminium 
extrusions, and other materials, can be used for panel 
edging and inserts. See separate Profile Sheet for details 
of edging and attachment methods 
PANEL OVERALL THICKNESS WEIGHT (approxj CORE THICKNESS 
13.90mm 13.90 kgs 12.70mm( 
1/2 ") 
26.60mm 17.10 kgs 25.40mm (1") 
52.00mm 23.40 kgs 50.80mm (2") 
7 
CELLITE FIBRE PANELS 
SIZE 2440 x: 1220mm (8'x 4') 
SKIN TYPE Woven glass cloth, impregnated with an epoxy adhesive 
CORE TYPE 6.35mm( '/4" )cell size 
5.20 pounds per cubic foot density 
3003 series aluminium, treated to provide excellent 
protection to corrosive atmospheres 
SKIN LAYERS Two layers are applied to each face of the 12.70mm and 
25.40mm cores, whereas the 50.80mm core has three 
layers on both faces 
PANEL THICKNESS Like the Cellite Metal Panels, there are three standard 
thicknesses available from stock. These are shown 
below together with the corresponding core thickness 
PANEL OVERALL THICKNESS WEIGHT 012proxj CORE THICKNESS 
13.80mm 9.20 kgs 12.70mm (1/2") 
26.50mm 12.40 kgs 25.40mm (1") 
52.30mm 21.70 kgs 50.80mm (2") 
'FABRICATION, FIXINGS AND 
ATTACHMENT METHODS 
All Cellite Panels can be joined together to form larger flat sheets. Edging and corner 
finishing detail can be added as required. 
A whole range of fastening methods can be used to add attachments and fixing 
points. Complicated shaped components are, therefore, possible using these methods. 
Alternatively, the 'cut and fold'technique can be used to fabricate even more complex 
structures. 
PERFORMANCE DATA 
-LýJ 
Core Shear Strength 
2.2 MN/m' (ribbon direction) 
1.5 MN/mI (transverse) 
Core Shear Modulus 
440 N/mm' (ribbon direction) 
295 N/mm' (transverse) 
Core Compressive Strength 
4.0 MN/m' 
Fibre Board Skin Modulus 
15-20 GN/m' (warp and weft) 
(warp tensile strength 300-350 IVINW) 
Thermal Conductivity K (through board) 
I inch Fibre-Board - 1.3 W/rn*C 
1 inch Metal-Board = 1.7 W/rn*C 
Coefficient of Thermal Expansion 
(along board) 
Fibre-Board = 14 x 10TC 
Metal-Board = 23 x 10'/C 
Fire Propagation (BS476 Part 6) 
'b inch Fibre-Board Index 1 9.9 
Index 11 1.2 
1 inch Fibre-Board Index 1 7.0 
Index 11 1.1 
Surface Spread of Flame (BS476 Part 7) 
, /, inch Fibre-Board Class 1 
1 inch Fibre-Board Class 1 
Metal Board Skin Modulus Class of Surface (Building Regs E15) 
69. GN/ml Ih inch Fibre-Board Class 0 
(tensile strenqth 200 MN/m') 1 inch Fibre-Board Class 0 
ngation 5% to fracture) 
Advice and information is available from our Technical Services personnel 
The above data is representative of typical performance. REF: PROFILEIT22 
It is presented for guidance only and does not constitute specification minimum values. DATE. November 19% 
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Appendix G: Manufacturers Addresses 
- Temachine (filiale HEF) 
Rue Benoit-Fourneyron / Z. 1. SUD 
42166 Andrezieux-Boutheon Cedex France 
Tel.: (33) 04 77 55 52 22 Fax: (33) 04 77 55 52 00 
- Kistler Instruments Limited 
Whiteoaks, The Grove 
Hartley Wintney 
Hants - RG27 8RN - UK 
Tel.: (44) (0 12 52) 84 35 55 Fax: (44) (0 12 52) 84 44 39 
- Eurotherm. Drives Limited 
New Courtwick Lane 
Littlehampton 
West Sussex - BN 17 7PD - UK 
Tel.: (44) (0 19 03) 72 13 11 Fax: (44) (0 19 03) 72 39 38 
- P. K. Morgan Ltd. (Morgan Medical Limited) 
4 Bloors Lane 
Rainharn - Gillingham 
Kent - ME8 7ED - UK 
Tel.: (44) (0 16 34) 37 38 65 Fax: (44) (0 16 34) 37 16 81 
- Permabond (division of National Starch & Chemical) 
Woodside Road 
Eastleigh 
Hants - S050 4EX - UK 
Tel.: (44) (0 17 03) 62 96 28 Fax: (44) (0 17 03) 62 96 29 
RS Components 
P. O. Box 99 
Corby 
Northamptonshire - NN 17 9RS - UK 
Tel.: (44) (0 15 36) 20 12 01 Fax: (44) (0 15 36) 20 15 01 
National Instruments UK Corp Ltd. 
21 Kingfisher Court, Harnbridge Road 
Newbury 
Berks - RG14 5SJ - UK 
Tel.: (44) (0 16 35) 52 35 45 Fax: (44) (0 16 35) 52 31 54 
Technical Resin Bonders Limited. 
12 Clifton Road, St Peter's Hill 
Huntingdon 
Cambridgeshire - PEI 8 7EN - UK 
Tel.: (44) (0 14 80) 52 3 81 Fax: (44) (0 14 80) 4149 92 
Southern Belting Ltd. 
Garos Works, Pennant Park 
Fareharn Industrial Park, Fareham 
Hampshire - PO 16 8XU - UK 
Tel.: (44) (0 13 29) 82 29 29 Fax: (44) (0 13 29) 82 54 45 
Novatech Measurements Ltd. 
83 Castleham Road, Castleham Industrial Estate 
St Leonards-on-Sea 
East Sussex - TN38 9NT - UK 
Tel.: (44) (0 14 24) 85 27 44 Fax: (44) (0 14 24) 85 30 02 
- Laurence, Scott & Electromotors Ltd. (Normand Electrical Co. Ltd. ) 
Small Machines Division 
P. O. Box 25, Hardy Road 
Norwich - NR II JD - UK 
Tel.: (44) (0 16 03) 6123 62 Fax: (44) (0 16 03) 6106 04 
- Surefix Resin - Rawlplug Co. Ltd. 
Rawlplug House, Skibo Drive 
Thomliebank 
Glasgow - Lanarkshire - G46 8JR - Scotland 
Tel.: (44) (0 14 1) 63 87 961 
- ANSYS, Inc. 
Contact Information: 
Southpointe, 275 Technology Drive, Canonsburg, PA 15317 
http: //www. ansys. com 
Europe: Tel.: (44) (118) 98 80 229 Fax: (44) (118) 98 80 925 
Appendix H: Force Application Point - Mapping results 
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Appendix 1: Amputee trial questionnaire 
PROSTHETIC LIMB STUDY - QUESTIONNAIRE 
Reference number: Date: 
Test number: Selected trial speed: 
1) Rate the prosthetic limb according to: 
Poor Fair Normal Good Excellent 
Comfort 
Ease of walking 
Ease ofjogging 
Assistance in propulsion (push 
off phase) 
Flexibility 
Pressure on stump 
Ankle function in transmission 
from heel contact to toe off 
Spring feel 
2) Write any other comments about the limb: 
3) Rating of the treadmill trial: 
Poor Fair Acceptable Good Excellent 
Adaptation and resting period 
. 
(15 minutes) 
Treadmill walking habituation 
period (5 minutes) 
Treadmill jogging period 
(3 minutes) 
Treadmill width 
Treadmill height 
Treadmill length 
Speed control 
Comfort 
Similarity with overground 
_running 
4) Write any other comments about the trial: 
Appendix J: Permabond F246 - Data Sheet 
Flexon F246 
Two-part toughened acrylic adhesive - no mixing required. 
Forms strong, permanent, load bearing joints. 
Resists high peel, cleavage and impact forces. 
Will bond virtually ail surfaces - metal, plastic, 
composite, glass and ceramic (to themselves and each 
other). 
Can cut through surface contamination such as light oil 
and grease. 
Adhesives and activator are supplied separately to the 
two surfaces, curing being initiated as the two parts are 
brought together. 
Bonding initiated as components are brought together. 
Handling strength in 60 seconds. 
Full working strength in 1 hour. 
Ultimate strength in 24 hours. 
F246 
_Cure 
speed 30-60s 
Tensile strength 25N/mm2 
Viscosity 300OOmPa. s 
- Operating temperature -60'C to +120'C 
_ Gap fill 0. ý5mm 
Warning: 
Flammable con 
ignition, use 
For suitable 
50ml adapter 
gun. 
tents, do not use near any source of 
in a well-ventilated area. 
applicators use either Perma-Quip or the 
in conjunction with a standard applicator 
upo 
. -%A 
